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Abstract
We explore the radiative corrections to the process Z → bb¯ in models with
extended Higgs sectors. The observables Rb ≡ Γ(Z → bb¯)/Γ(Z → hadrons) and
the Zbb¯ coupling asymmetry, Ab ≡ (g2L − g2R)/(g2L + g2R), are sensitive to these
corrections. We present general formulae for the one-loop corrections to Rb and Ab
in an arbitrary extended Higgs sector, and derive explicit results for a number of
specific models. We find that in models containing only doublets, singlets, or larger
multiplets constrained by a custodial SU(2)c symmetry so that MW = MZ cos θW
at tree level, the one-loop corrections due to virtual charged Higgs bosons always
worsen agreement with experiment. The Rb measurement can be used to set lower
bounds on the charged Higgs masses. Constraints on models due to the one-loop
contributions of neutral Higgs bosons are also examined.
1 Introduction
The Standard Model of electroweak interactions has been tested to unprece-
dented precision during the past decade at the LEP and SLC colliders [1,2,3].
Global fits of electroweak observables have confirmed that the electroweak inter-
actions are well described by a spontaneously broken SU(2) × U(1) gauge theory.
However, these measurements have not yet revealed the underlying dynamics re-
sponsible for electroweak symmetry breaking (EWSB).
In the Standard Model (SM), the electroweak symmetry is broken by the dy-
namics of a weakly coupled scalar Higgs sector consisting of one complex SU(2)
doublet of scalar fields with hypercharge Y = 1. After EWSB, three scalar de-
grees of freedom (Goldstone bosons) are absorbed by the W and Z, leaving one
CP–even neutral Higgs boson H0 in the physical spectrum. The SM Higgs sector
possesses an unbroken global SU(2) symmetry of the EWSB sector, often called
“custodial SU(2) symmetry” [4]. This symmetry leads to the tree-level relation,
ρ ≡M2W/M2Z cos2 θW = 1, a relation that is satisfied experimentally to better than
a fews parts in a thousand [5].
Precision electroweak data is now accurate enough to provide non-trivial tests
of the one-loop structure of the SM. In particular, one can begin to test the EWSB
sector of the theory by probing the one-loop virtual effects of the Higgs sector. The
couplings of Higgs bosons to fermions and gauge bosons are proportional to the
fermion and gauge boson masses, respectively. As a result, one–loop corrections
involving Higgs bosons coupled to W , Z or third–generation quarks can be signif-
icant. In the SM, loop corrections involving H0 coupling to gauge bosons depend
logarithmically on the H0 mass. A fit to the electroweak data gives an upper bound
on the SM Higgs mass of Mh0 <∼ 220 GeV at the 95% confidence level [1,3]. In
the SM, the Higgs couplings to third–generation quarks do not provide additional
constraints on the Higgs sector. Virtual Higgs exchange does contribute to the
decay Z → bb¯; however, the coupling of H0 to b-quarks is too small to make an
observable contribution. The coupling of the charged Goldstone bosons G± to tb¯ is
large enough to make an observable contribution to Z → bb¯, but this contribution
is fixed by electroweak symmetry; it depends only on the W and t–quark masses,
the electromagnetic coupling and sin2 θW [6,7,8,9,10].
Many extensions to the minimal SM Higgs sector are possible. (For a com-
prehensive review, see ref. [11].) As in the SM, extended models typically must
contain at least one complex Y = 1 SU(2) doublet in order to give mass to the
fermions. Additional SU(2) doublets, singlets, and/or larger multiplets may also
be present. Such extended Higgs sectors contain charged Higgs bosons and/or ad-
ditional neutral Higgs bosons in the physical spectrum. Some constraints on the
model exist due to the observed ρ ≃ 1; this can restrict the choices of Higgs multi-
plets or require a fine-tuning of the vacuum expectation values of the neutral Higgs
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fields. In addition, the experimentally observed suppression of flavor changing neu-
tral currents (FCNC’s) implies that Higgs-mediated tree-level FCNC’s are either
absent (which constrains the Higgs-fermion couplings of the model [12,13]), or sup-
pressed [14]. In the latter case, the suppression of FCNC’s can be achieved if the
non-minimal Higgs states are sufficiently heavy (thereby approximately decoupling
from the sector of SM particles [15]).
Extended Higgs sectors also contribute virtually to one-loop processes involving
SM particles. In this paper our primary focus concerns the electroweak observables
associated with Z → bb¯. In this case, the Higgs sector can yield observable cor-
rections at one-loop through charged Higgs couplings to tb¯ and the neutral Higgs
couplings to bb¯. These can then provide new constraints on the possible structure
of the non-minimal Higgs sector.
The process Z → bb¯ yields two observable quantities, Rb and Ab. Rb is the
hadronic branching ratio of Z to b quarks,
Rb ≡ Γ(Z → bb¯)
Γ(Z → hadrons) , (1.1)
and Ab is the b-quark asymmetry,
Ab =
σ(e−L → bF )− σ(e−L → bB) + σ(e−R → bB)− σ(e−R → bF )
σ(e−L → bF ) + σ(e−L → bB) + σ(e−R → bB) + σ(e−R → bF )
, (1.2)
where e−L,R are left and right handed initial–state electrons and bF,B are final–
state b-quarks moving in the forward and backward directions with respect to the
direction of the initial–state electrons. In terms of the b-quark couplings to Z,
Ab =
(gLZbb¯)
2 − (gRZbb¯)2
(gL
Zbb¯
)2 + (gR
Zbb¯
)2
. (1.3)
In this paper we introduce a parameterization for a general extended Higgs sec-
tor and calculate the contribution to Z → bb¯ from one-loop radiative corrections
involving singly charged and neutral Higgs bosons. We obtain general expressions
for the corrections to the left- and right-handed Zbb¯ couplings, and then use the
measurements of Rb and Ab to constrain specific models. This approach has the
advantage of yielding general formulae for the corrections in terms of the cou-
plings and masses of the Higgs bosons. The formulae can then be specialized to
any extended Higgs model by inserting the appropriate couplings. Kundu and
Mukhopadhyaya [16] have taken the same approach and calculated the charged
Higgs boson contributions to Z → bb¯ in a general extended Higgs sector. However,
the neutral Higgs boson contributions in a general extended Higgs sector do not
appear in the literature. Specific results for the one-loop corrections to Z → bb¯ in
two-Higgs-doublet models (2HDM’s) can be found in refs. [17,18,19,20].
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One-loop corrections to Z → bb¯ can also arise from other sources of new physics.
Thus, any derivation of constraints on the Higgs sector based on the effects of Higgs
virtual corrections must assume that these are the dominant (or only) source of
corrections beyond the Standard Model. For example, in theories of low-energy
supersymmetry, it is easy to find ranges of parameter space in which the effects
of virtual supersymmetric particle exchange compete (and sometimes cancel out
[21]) the effects of virtual Higgs exchange. However, in the limit of large superpart-
ner masses, the supersymmetric contributions decouple [22,23], and the formulae
obtained in this paper are once again applicable.
This paper is organized as follows. In section 2 we discuss the measurements
of Rb and Ab and the constraints that they put on the Zbb¯ couplings. In section 3
we introduce the two Higgs doublet model and then generalize to an arbitrary
extended Higgs sector. We then compute the radiative corrections to the Zbb¯ cou-
pling due to the virtual exchange of charged Higgs bosons (section 4) and neutral
Higgs bosons (section 5), respectively. In section 6 we apply the general formulae
for loop corrections to a number of specific models. Based on the current experi-
mental measurements of Rb and Ab, we exhibit the constraints on the parameters
of the extended Higgs sector. We first consider extended Higgs sectors containing
only doublets and singlets, and then extend the analysis to Higgs sectors which
containing larger multiplets in addition to doublets. Finally, we summarize our
conclusions in section 7. Additional details can be found in ref. [24].
2 Constraints from the data
The radiative corrections to Z → bb¯ modify the Zbb¯ couplings from their tree-
level values. In this section we show how the experimental constraints on Rb and
Ab constrain the possible values of the effective Zbb¯ couplings. We employ the
following notation for the effective Zbb¯ interaction:
LZbb¯ =
−e
2sW cW
Zµb¯γ
µ
[
g¯Lb (1− γ5) + g¯Rb (1− γ5)
]
b
=
−e
2sW cW
Zµb¯γ
µ(v¯b − a¯bγ5)b , (2.1)
where sW ≡ sin θW and cW ≡ cos θW . The effective couplings are then written as
g¯L,Rb = g
L,R
Zbb¯
+ δgL,R , (2.2)
where g¯L,Rb are the radiatively–corrected effective couplings, and the tree-level cou-
plings are given by gLZbb¯ ≡ −12 + 13s2W and gRZbb¯ ≡ 13s2W .
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2.1 Extracting the effective Zbb¯ couplings from Rb and Ab
Following the discussion by Field [25] and using his notation, the effective cou-
plings g¯L,Rb are related to Rb and Ab as follows.
Rb =
[
1 +
Sb
s¯bC
QCD
b C
QED
b
]−1
,
Ab =
2r¯b(1− 4µb)1/2
1− 4µb + (1 + 2µb)r¯2b
, (2.3)
where CQCDb and C
QED
b are QCD and QED radiative correction factors. Using
αs(MZ) = 0.12 and α
−1(MZ) = 128.9, the numerical values of these factors are:
CQCDb = 0.9953 and C
QED
b = 0.99975. In addition,
r¯b ≡ v¯b
a¯b
,
s¯b ≡ (a¯b)2(1− 6µb) + (v¯b)2 ,
Sb ≡
∑
q 6=b,t
[
(a¯q)
2 + (v¯q)
2
]
,
µb ≡ [mb(MZ)/MZ ]2 . (2.4)
In the definition of Sb, the sum is taken only over first and second generation
quarks. To a good approximation, we can neglect the contributions of new physics
to Sb, and fix this quantity to its SM predicted value. Using the corresponding SM
predicted values: v¯u = 0.1916, a¯u = 0.5012, v¯d = −0.3464 and a¯d = −0.5012 for
the vector and axial couplings of the first and second generation up-type and down-
type quarks taken from ref. [25], we obtain Sb = 1.3184. The b-quark contribution
is separated out in the quantity s¯b; here µb is a correction factor coming from
the nonzero b-quark mass. This correction factor is roughly µb ≃ 1.0 × 10−3,
where we have taken the running b-quark mass in the MS scheme evaluated atMZ ,
mb(MZ) = 3.0 GeV [26].
We can solve the above equations for g¯Lb and g¯
R
b in terms of the experimentally
measured values for Rb and Ab. Using the predicted SM values given in ref. [25]:
(g¯Lb )SM = −0.4208 , (g¯Rb )SM = 0.0774 , (2.5)
we obtain the SM predictions for Rb and Ab:
RSMb = 0.2158 , (2.6)
ASMb = 0.935 . (2.7)
These results should be compared with the measured values [2]
Rb = 0.21642± 0.00073 , (2.8)
Ab = 0.893± 0.016 . (2.9)
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Fig. 1. The constraints from Rb and Ab on the right– and left–handed Zbb¯ couplings.
Plotted are the allowed deviations δgR,Lnew of the couplings from their SM values. The 1σ
errors are shown as solid lines and the 2σ errors as dashed lines. The central value, at
δgLnew = 0.0037 and δg
R
new = 0.0219, is marked by the cross.
Rb is measured directly at LEP and SLD. Ab is measured directly at SLD from the
left-right forward-backward asymmetry, and indirectly at LEP from the measured
value of Ae and the forward-backward asymmetry A
0,b
FB =
3
4
AeAb. The Rb mea-
surement is 0.8σ above the SM prediction, and the Ab measurement is 2.6σ below
the SM prediction.
Allowing for a deviation of the experimentally measured values of g¯L,Rb from
their predicted values in the SM, we write:(
g¯L,Rb
)
expt
=
(
g¯L,Rb
)
SM
+ δgL,Rnew . (2.10)
The experimental constraints from Rb and Ab on δg
L,R
new are shown in fig. 1. The
central value is at δgLnew = 0.0037 and δg
R
new = 0.0219. Comparing these to the SM
predictions, we see that δgLnew is roughly a 1% correction while δg
R
new is close to a
30% correction.
It is also useful to expand Rb and Ab about their SM values, to first order in
6
δgL,Rnew. Using the SM parameters given above, we find
δRb = −0.7785 δgLnew + 0.1409 δgRnew ,
δAb = −0.2984 δgLnew − 1.6234 δgRnew. (2.11)
Note that a positive δgLnew decreases both Rb and Ab, while a positive δg
R
new increases
Rb and decreases Ab. Inverting the above results yields
δgLnew = −1.2433 δRb − 0.1079 δAb ,
δgRnew = 0.2286 δRb − 0.5962 δAb . (2.12)
In practice, these first order results provide a fairly good estimate of δgLnew, and a
less reliable estimate of δgRnew. This is easily understood; because the data suggest
a rather large relative shift of g¯Rb from its SM predicted value, second order effects
cannot be neglected. In this paper, the more precise analysis based on fig. 1 is
used in our analysis of new physics contributions to Rb and Ab from extended
Higgs sectors.1
2.2 Tree–level Zbb¯ couplings: The effect of oblique corrections
In the SM, all electroweak observables are fixed by the measurement of three
quantities, commonly chosen to be the electromagnetic fine structure constant
α, the muon decay constant Gµ, and the Z mass. In particular, by measuring
these quantities, one can predict the value of sin2 θlepteff . In practice, many more
electroweak observables are measured and a fit is made to the SM parameters (see
e.g., ref. [27]).
However, the dependence of sin2 θlepteff on other electroweak observables can be
modified in models of physics beyond the SM. The dominant effect of the new
physics (in most cases) enters via the virtual loop corrections to gauge boson self-
energies; these are the oblique corrections. These modifications are parameterized
by the Peskin–Takeuchi parameters S, T , and U [28]. In particular [29],
sin2 θlepteff − [sin2 θlepteff ]SM ≡ δs2W =
α
c2W − s2W
[
1
4
S − s2W c2WT
]
= 3.40× 10−3 S − 2.42× 10−3 T , (2.13)
where we have used s2W ≡ [sin2 θlepteff ]SM = 0.231. Nonzero values of the S and T
parameters therefore modify the prediction for the tree–level Zbb¯ couplings gL,R
Zbb¯
.
1The bounds on Higgs sector parameters obtained in section 6 are based on a slightly older
analysis of electroweak data presented in ref. [1], which reported a slightly higher value of Rb
and Ab. The effect of the updated numbers on our plots is not significant and does not alter our
general conclusions.
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The S, T and U parameters are defined relative to a reference SM, with a fixed
Higgs mass. For Mh0 = MZ , a fit of the electroweak data gives [30]
S = −0.16± 0.14 ,
T = −0.21± 0.16 ,
U = 0.25± 0.24 . (2.14)
This analysis has not yet been updated to account for the latest available precision
electroweak data. However, for our purposes, it is sufficient to note is that the
fitted absolute values of S and T are significantly less than O(1).
In order to understand the significance of oblique corrections of this size, we
compute the corrections to the predictions for Rb and Ab due to S and T (there is
no U dependence). To first order in δs2W , eq. (2.10) is modified to
(
g¯L,Rb
)
expt
=
(
g¯L,Rb
)
SM
+ δgL,Rnew +
1
3
δs2W . (2.15)
The last term is simply a consequence of the form of the Zbb¯ tree-level couplings.
Since Ab depends only on g¯
L,R
b , one may simply combine the results of eqs. (2.11),
(2.13) and (2.15) to obtain:
δAb = −0.641δs2W = −2.18× 10−3 S + 1.55× 10−3 T . (2.16)
To obtain δRb, one must also account for the effect of the oblique corrections
on gL,Ru and g
L,R
d which enter in the expression for Γ(Z → hadrons). Following
ref. [29], we find:
δRb = 0.0388δs
2
W = 1.32× 10−4 S − 0.94× 10−4 T . (2.17)
For values of S and T significantly less than O(1), the shift in the predicted value
of Rb and Ab due to nonzero values of S and T is less than a few percent of the
present experimental error on both Rb and Ab. We can therefore safely neglect
these corrections.
3 Models with extended Higgs sectors
A wide variety of extensions to the minimal SM Higgs sector are possible [11].
We assume that the Higgs sector contains at least one complex SU(2)L doublet with
Y = 1 to give mass to the SM fermions. In our notation, φk denotes a multiplet
of scalar fields that transforms as a complex representation under SU(2)×U(1).2
2Given a complex Higgs multiplet, Φ, with Y 6= 0, one can always construct the complex
conjugated multiplet, Φ∗, with hypercharge −Y . Henceforth, without loss of generality, we shall
focus only on Higgs multiplets with Y ≥ 0.
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A real representation (i.e., a real multiplet of fields with integer weak isospin and
hypercharge Y = 0) is denoted by ηi. For simplicity, we assume that the Higgs
sector is CP–conserving, so that the neutral Higgs mass eigenstates are either CP–
even (H0i ) or CP–odd (A
0
j). The Higgs potential is chosen to break SU(2)L×U(1)Y
down to U(1)EM. That is, we assume that only the neutral member of each Higgs
multiplet can acquire a non-zero vacuum expectation value (vev). For the neutral
scalar component of a complex representation, the vev is normalized such that
φ0k ≡
√
1
2
(
vk + φ
0,r
k + iφ
0,i
k
)
, (3.1)
where 〈φ0k〉 = vk/
√
2. For real representations, we take 〈η0i 〉 = vi.
Given the Higgs representations and the vevs, the Goldstone bosons eigenstates
are determined. The neutral Goldstone boson is given by
G0 =
[∑
k
v2kY
2
k
]−1/2∑
k
v2kY
2
k φ
0,i
k , (3.2)
and the positively charged Goldstone boson is given by
G+ = N−1
[∑
k
{[
Tk(Tk + 1)− 14Yk(Yk − 2)
]1/2
vkφ
+
k
−
[
Tk(Tk + 1)− 14Yk(Yk + 2)
]1/2
vk(φ
−
k )
∗
}
+
∑
i
[2Ti(Ti + 1)]
1/2 viη
+
i
]
, (3.3)
where the normalization factor is given by
N2 ≡∑
k
2v2k
[
Tk(Tk + 1)− 14Y 2k
]
+
∑
i
2v2i Ti(Ti + 1) . (3.4)
In the above equations, we have separated out the sums into contributions from
the complex Higgs representations k and the real Higgs representations i. Note that
for a Higgs boson in a complex representation, (φQ)∗ is a state with charge −Q
but is not the same as φ−Q. For a Higgs boson in a real representation, we adopt
the phase convention such that (η+)∗ = −η−. Thus, in our phase convention, the
negatively charged Goldstone boson is given by G− = −(G+)∗
Since we wish to preserve U(1)EM, we assume that only neutral Higgs fields
acquire vevs. These Higgs vevs are constrained by theW mass, which for a general
extended Higgs sector is given by
M2W =
1
4
g2N2 = 1
4
g2v2SM , (3.5)
where N2 is given by eq. (3.4). Thus, we can identify N ≡ vSM = 246 GeV.
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The vevs and/or the Higgs representation content are also constrained by the
ρ-parameter, which at tree-level is given by [11]
ρ ≡ m
2
W
M2Zc
2
W
=
N2∑
k v
2
kY
2
k
. (3.6)
The observed electroweak data imply that the tree-level value of ρ must be very
close to (or perhaps exactly equal to) unity.
In a Higgs sector that contains only multiplets which satisfy the relation
(2T + 1)2 − 3Y 2 = 1, (3.7)
one finds ρ = 1 at tree level for any combination of vevs. Eq. (3.7) is satisfied,
for example, by the familiar Higgs doublet with Y = 1, and by a series of larger
multiplets [31].3 In such a Higgs sector, the formulae for G+ and M2W simplify to
G+ =
[∑
k
v2kY
2
k
]−1/2 ∑
k
√
1
2
vk
[
(Y 2k + Yk)
1/2φ+k − (Y 2k − Yk)1/2(φ−k )∗
]
, (3.8)
and
M2W =
1
4
g2
∑
k
v2kY
2
k . (3.9)
In the SM, the diagonalization of the quark mass matrix automatically diago-
nalizes the Yukawa couplings of the neutral Higgs boson to quarks. Thus in the
SM, there are no FCNC’s mediated by tree–level Higgs exchange. However, in
a multi-doublet Higgs sector with the most general Higgs-fermion Yukawa cou-
plings, tree-level Higgs-mediated FCNC’s can arise. These can be automatically
eliminated in any Higgs model in which fermions of a given electric charge receive
their mass from couplings to exactly one neutral Higgs field [12,13]. This pattern
of Higgs-fermion couplings can be implemented by a judicious choice of discrete
symmetries. There are two possible configurations for the Higgs-quark Yukawa
couplings in an extended Higgs sector that contains at least one scalar doublet
with Y = 1. In Type I models, all the quarks couple to one doublet, Φ1. In Type
II models, the down–type quarks couple to Φ1 and the up–type quarks couple to a
second Y = 1 doublet, Φ2. If the general extended Higgs sector contains only one
Y = 1 doublet, then its Yukawa couplings are necessarily Type I.
In a Type I model, one Higgs doublet Φ1 gives mass to both t and b quarks.
The Yukawa couplings are
λt =
√
2mt
v1
, λb =
√
2mb
v1
. (3.10)
3Of course, one can always add gauge neutral singlet scalars with arbitrary vevs, without
affecting the value of the ρ-parameter.
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Note that in a Type I model, λb/λt = mb/mt, so λb ≪ λt for all values of v1.
In a Type II model, Φ1 couples to b quarks and Φ2 couples to t quarks. The
quark Yukawa couplings are then
λt =
√
2mt
v2
, λb =
√
2mb
v1
. (3.11)
Note that in a Type II model, λb/λt = (mb/mt)(v2/v1), so λb can be enhanced
relative to λt by choosing v1 ≪ v2.
When the Higgs mass–squared matrix is diagonalized, the electroweak eigen-
states mix to form mass eigenstates. The couplings of the Higgs mass eigenstates
to quarks take the form
i
(
gLHq¯qPL + g
R
Hq¯qPR
)
= i
(
gVHq¯q + g
A
Hq¯qγ5
)
. (3.12)
The individual couplings to bb¯ and bt¯ in a Type II model are given by
gVH0
i
bb¯ = −
λb√
2
〈H0i |φ0,r1 〉 , (3.13)
gAA0
i
bb¯ = −
iλb√
2
〈A0i |φ0,i1 〉 , (3.14)
gR
H+
i
t¯b
= −λb〈H+i |φ+1 〉 , (3.15)
gL
H+
i
t¯b
= +λt〈H+i |φ+2 〉 , (3.16)
where the bracket notation is used to indicate the overlap between the correspond-
ing mass-eigenstate and interaction-eigenstate. The Type I model couplings are
obtained by replacing φ+2 with φ
+
1 in eq. (3.16); the other couplings remain the
same.
The Z–Higgs–Higgs couplings take the form igZH1H2(p1 − p2)µ, where p1 [p2]
is the incoming momentum of H1 [H2]. The Z–Higgs–Higgs couplings involving
neutral and singly–charged Higgs bosons are
gZH0
i
A0
j
=
ie
sW cW
N∑
k=1
〈H0i |φ0,rk 〉〈A0j |φ0,ik 〉T 3φ0
k
, (3.17)
gZH+
i
H−
j
= − e
sW cW
{
N∑
k=1
〈H+i |φ+k 〉〈H+j |φ+k 〉T 3φ+
k
− s2W δij
}
, (3.18)
where T 3φ is the third component of the weak isospin of φ. For completeness, we
also give theW+W−H0i and ZZH
0
i couplings, which take the form igV1V2Hg
µν. The
V V H0i (V = W
±, Z) couplings are
gW+W−H0
i
= g2
∑
k
〈H0i |φ0,rk 〉vk
[
Tk(Tk + 1)− 14Y 2k
]
, (3.19)
gZZH0
i
=
g2
2c2W
∑
k
〈H0i |φ0,rk 〉vkY 2k . (3.20)
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Fig. 2. Feynman diagrams of the leading m2t contributions to the electroweak corrections
to Z → bb¯ in the SM.
A complete list of Higgs–vector boson couplings in a general extended Higgs sector
can be found in ref. [24].
Although the Z–Higgs–Higgs couplings are diagonal in the interaction basis,
they are not necessarily diagonal in the mass-eigenstate basis. In addition, the
ZH+H− couplings can differ from the SM ZG+G− coupling. This can happen in
a general model if H+ has some admixture of a multiplet larger than a doublet. In
the SM, the ZG+G− coupling is
gZG+G− = −
e
sW cW
(
1
2
− s2W
)
. (3.21)
4 Charged Higgs corrections to Z → bb¯
In the SM, the Zbb¯ couplings receive a correction from the exchange of the
longitudinal components of the W± and Z bosons. The Feynman diagrams for
these corrections are shown in fig. 2. We work in the ’t Hooft-Feynman gauge, in
which the longitudinal components of W± and Z are just the Goldstone bosons
G± and G0. The diagrams in fig. 2 yield the leading m2t contribution to δg
L,R in
the SM. A detailed review of the calculation of these diagrams is given in ref. [32].
Six additional diagrams, where one or two of the G± lines in fig. 2 is replaced by a
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Fig. 3. Feynman diagrams of the electroweak corrections to Z → bb¯ in a model with an
extended Higgs sector.
corresponding W± line, also contribute to δgL,R. However, the latter contributions
are suppressed by a factor of M2Z/m
2
t compared to the diagrams of fig. 2.
In an extended Higgs sector which contains singly charged Higgs states H±i ,
the corrections to δgL,R arise from the diagrams of fig. 3, where H±i runs over all
the singly charged states in the Higgs sector, including G±.
In calculating the corrections shown in fig. 3 we keep only the leading term
in powers of m2t/M
2
Z . In δg
L this leading term is proportional to m2t , where the
two powers of mt come from the left–handed Higgs–quark couplings g
L
H+
i
t¯b
. In
δgR the right–handed Higgs–quark couplings are proportional to m2b tan
2 β, so the
leading term in δgR does not grow with increasing mt. This approximation has
been used in calculating the leading m2t corrections to Rb in the SM in the classic
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papers [7,8,9,10], and in calculating the corrections in extended Higgs sectors in
refs [16,17,18,19,20].
The two diagrams in fig. 3(d) involving a ZW+H−i vertex can be nonzero in
models containing Higgs multiplets larger than doublets. However, their contribu-
tion to Rb and Ab is suppressed by a factor of M
2
Z/m
2
t compared to diagrams 3(a),
(b) and (c), and we will neglect them. Diagrams 3(a), (b), and (c) yield
δgL,R(a) =
1
8π2
∑
i,j
gL,R
H+
i
t¯b
gL,R
H+
j
t¯b
gZH+
i
H−
j
C24(m
2
b ,M
2
Z , m
2
b ;m
2
t ,M
2
i ,M
2
j ) ,
δgL,R(b) = − 1
16π2
∑
i
(gL,R
H+
i
t¯b
)2
{
1
2
gR,LZtt¯
+
[
−2gR,LZtt¯ C24 + gL,RZtt¯m2tC0
]
(m2b ,M
2
Z , m
2
b ;M
2
i , m
2
t , m
2
t )
}
,
δgL,R(c) =
1
16π2
∑
i
(
gL,R
H+
i
t¯b
)2
gL,R
Zbb¯
B1(m
2
b ;m
2
t ,M
2
i ) . (4.1)
For the two– and three–point integrals C24, C0, and B1, we follow the definitions
and conventions of ref. [33]. The sums over i and j run over all the singly charged
Higgs mass eigenstates H+i as well as the Goldstone bosonG
+. Where no ambiguity
is involved, we have given the arguments of groups of tensor integrals that depend
on the same variables only once at the end of the group. These expressions for δgL
agree with those of ref. [16].
Collecting the results, and expressing the corrections in terms of the quark
Yukawa couplings, we obtain for a Type II model
δgL = − λ
2
t
16π2
e
sW cW
∑
i,j
〈
H+i |φ+2
〉 〈
H+j |φ+2
〉
×
{
N∑
k=1
〈
H+i |φ+k
〉 〈
H+j |φ+k
〉
T 3
φ+
k
− s2W δij
}
2C24(m
2
t ,M
2
i ,M
2
j )
− λ
2
t
16π2
∑
i
〈
H+i |φ+2
〉2 {
1
2
gRZtt¯ +
[
−2gRZtt¯C24 + gLZtt¯m2tC0
]
(M2i , m
2
t , m
2
t )
}
+
λ2t
16π2
gLZbb¯
∑
i
〈
H+i |φ+2
〉2
B1(m
2
b ;m
2
t ,M
2
i ) , (4.2)
δgR = − λ
2
b
16π2
e
sW cW
∑
i,j
〈
H+i |φ+1
〉 〈
H+j |φ+1
〉
×
{
N∑
k=1
〈
H+i |φ+k
〉 〈
H+j |φ+k
〉
T 3
φ+
k
− s2W δij
}
2C24(m
2
t ,M
2
i ,M
2
j )
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− λ
2
b
16π2
∑
i
〈
H+i |φ+1
〉2 {
1
2
gLZtt¯ +
[
−2gLZtt¯C24 + gRZtt¯m2tC0
]
(M2i , m
2
t , m
2
t )
}
+
λ2b
16π2
gRZbb¯
∑
i
〈
H+i |φ+1
〉2
B1(m
2
b ;m
2
t ,M
2
i ) . (4.3)
For compactness we have dropped the first three arguments of the three–point in-
tegrals, (m2b ,M
2
Z , m
2
b), because these arguments are the same in all the expressions.
The first three arguments of the three–point integrals depend only on the masses
of the on–shell external particles.
The corrections for a Type I model are obtained by replacing φ+2 with φ
+
1 in δg
L.
We see that δgL is proportional to λ2t and δg
R is proportional to λ2b . Clearly, δg
R
is negligible compared to δgL, except in a Type II model when λb is enhanced for
small v1. In this situation there is also a significant contribution to δg
L,R coming
from loops involving the neutral Higgs bosons, as described in the next section.
In the Type II 2HDM, δgR is proportional to (mb tan β)
2, while δgL is propor-
tional to (mt cot β)
2. At large tanβ, δgR is enhanced and δgL is suppressed; λt
and λb are the same size when tanβ = mt/mb ≃ 50. However, because of their
different dependence on the Zqq¯ couplings, δgL and δgR are the same size when
tanβ ≃ 10.
The formulae in eqs. (4.2)–(4.3) can be simplified. Electromagnetic gauge in-
variance requires that the terms proportional to s2W (from the Zqq¯ and ZH
+H−
couplings) add to zero in the limit M2Z → 0. This provides a check of our cal-
culations. In our approximation we neglect terms of order M2Z/m
2
t . Using the
expansions for the two– and three–point integrals given in ref. [34] and neglect-
ing terms of order M2Z/m
2
t in the three–point integrals, we find that the terms
proportional to s2W cancel. The corrections can then be written as
δgL,R = ∓ 1
16π2
e
sW cW
∑
i
(
gL,R
H+
i
t¯b
)2
1
2
m2tC0(M
2
i , m
2
t , m
2
t )
− 1
16π2
e
sW cW
∑
i
(
gL,R
H+
i
t¯b
)2∑
k
〈
H+i |φ+k
〉2
(T 3
φ+
k
− 1
2
)2C24(m
2
t ,M
2
i ,M
2
i )
− 1
16π2
e
sW cW
∑
i
∑
j 6=i
(
gL,R
H+
i
t¯b
)(
gL,R
H+
j
t¯b
)∑
k
〈
H+i |φ+k
〉 〈
H+j |φ+k
〉
T 3φ+
k
×2C24(m2t ,M2i ,M2j ). (4.4)
The third term in eq. (4.4) is the sum of the diagrams 3(a) for two different charged
Higgs bosonsH+i andH
+
j in the loop. It is only nonzero when there are nonzero off–
diagonal ZH+i H
−
j couplings (i 6= j). The second term describes the contribution
to diagrams 3(a) from diagonal ZH+i H
−
i couplings when T
3
φ+
k
is different from 1/2.
This term is only nonzero when the Higgs sector contains multiplets larger than
doublets. The first term comes from the sum of diagrams 3(b) and (c), plus the
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remaining part of diagram 3(a) with T 3
φ+
k
= 1/2. This part of diagram 3(a) is what
we would get if we replaced all of the ZH+H− couplings with the SM ZG+G−
coupling. Note that for mt ≫ MZ , C0(M2i , m2t , m2t ) is negative. Therefore the
first term of δgL (δgR) is always positive (negative) definite, which decreases the
prediction for Rb.
From eq. (4.4), one can deduce a number of results. First, if the Higgs sec-
tor contains only doublets and singlets, T 3
φ+
k
= 1/2 and there are no off-diagonal
ZH+H− couplings. Then the second and third terms of eq. (4.4) are zero. We are
left with the first term
δgL,R = ∓ 1
16π2
e
2sW cW
∑
i
(
gL,R
H+
i
t¯b
)2
m2tC0(M
2
i , m
2
t , m
2
t )
= δgL,RSM ±
1
16π2
e
2sW cW
∑
i 6=G+
(
gL,R
H+
i
t¯b
)2 [ Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
, (4.5)
where Ri ≡ m2t/M2i . The correction in the SM due to G± exchange is denoted
by δgL,RSM . The non–SM piece of δg
L [δgR] is positive [negative] definite, both of
which decrease Rb. Therefore, in order for it to be possible to increase Rb through
charged Higgs boson loops, we must have a Higgs sector that contains multiplets
larger than doublets.
Second, if all the H+i are degenerate with G
+, we can sum over the complete
sets of states in the second and third terms of eq. (4.4). These terms cancel and
again we are left with
δgL =
λ2t
16π2
e
2sW cW
[
R
R − 1 −
R logR
(R− 1)2
]
,
δgR = − λ
2
b
16π2
e
2sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
, (4.6)
with R ≡ m2t/M2W . This formula includes the SM correction δgL,RSM . As above, the
non–SM piece of δgL [δgR] is positive [negative] definite, both of which decrease
Rb.
In a Higgs sector that contains only multiplets for which ρ = 1 automatically
[eq. (3.7)], the Goldstone boson does not contribute to the second and third terms
of eq. (4.4) because there are no off–diagonal ZG+H−i couplings, and the ZG
+G−
coupling is the same as in the SM. Thus in such a model, if all the H+i (excluding
G+) are degenerate with mass M , we can again sum over the complete sets of
states in the second and third terms of eq. (4.4). These terms again cancel and we
are left with
δgL = δgLSM +
λ2t
16π2
(
1− v
2
2
v2SM
)
e
2sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
, (4.7)
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δgR = δgRSM −
λ2b
16π2
(
1− v
2
1
v2SM
)
e
2sW cW
[
R
R − 1 −
R logR
(R− 1)2
]
, (4.8)
with R ≡ m2t/M2, for a Type II model. The correction in a Type I model is
obtained by replacing v2 with v1 in eq. (4.7). As above, the non–SM piece of δg
L
[δgR] is positive [negative] definite, both of which decrease Rb.
5 Neutral Higgs corrections to Z → bb¯
The corrections to Z → bb¯ from neutral Higgs boson loops, shown in fig. 4,
are proportional to λ2b . In a Type I model, λb ≪ λt, so the one-loop radiative
corrections mediated by neutral Higgs bosons are negligible compared to charged
Higgs mediated corrections (which are proportional to λ2t ). However, in a Type
II model, λb increases as v1 decreases. In the limit of small v1, the corrections
mediated by neutral Higgs bosons are significant.
In calculating the corrections due to the diagrams in fig. 4, we neglect terms
proportional to mb that are not enhanced by small v1. The diagrams of fig. 4(d)
are suppressed by a factor of mb/MZ compared to diagrams 4(a), (b) and (c), and
so we neglect them as well. The contributions to δgR,L from diagrams 4(a), (b),
and (c) are
δgR,L(a) = ± 1
4π2
∑
H0
i
,A0
j
gZH0
i
A0
j
gVH0
i
bb¯g
A
A0
j
bb¯C24(m
2
b ,M
2
i ,M
2
j )
= ∓ λ
2
b
8π2
e
sW cW
∑
H0
i
,A0
j
〈
H0i |φ0,r1
〉 〈
A0j |φ0,i1
〉 N∑
k=1
〈
H0i |φ0,rk
〉 〈
A0j |φ0,ik
〉
T 3φ0
k
C24(m
2
b ,M
2
i ,M
2
j ) ,
δgR,L(b) = − 1
16π2
gL,R
Zbb¯

∑
H0
i
(gVH0
i
bb¯)
2
{
1
2
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2i , m
2
b , m
2
b)
}
−∑
A0
j
(gAA0
j
bb¯)
2
{
1
2
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2j , m
2
b , m
2
b)
}
= − λ
2
b
32π2
gL,R
Zbb¯

∑
H0
i
〈
H0i |φ0,r1
〉2 {
1
2
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2i , m
2
b , m
2
b)
}
+
∑
A0
j
〈
A0j |φ0,i1
〉2 {
1
2
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2j , m
2
b , m
2
b)
} ,
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Fig. 4. Feynman diagrams for the corrections to Z → bb¯ involving neutral Higgs bosons
in the loop.
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δgR,L(c) =
1
16π2
gR,L
Zbb¯

∑
H0
i
(gVH0
i
bb¯)
2B1(m
2
b ;m
2
b ,M
2
i )−
∑
A0
j
(gAA0
j
bb¯)
2B1(m
2
b ;m
2
b ,M
2
j )


=
λ2b
32π2
gR,L
Zbb¯

∑
H0
i
〈
H0i |φ0,r1
〉2
B1(m
2
b ;m
2
b ,M
2
i )+
∑
A0
j
〈
A0j |φ0,i1
〉2
B1(m
2
b ;m
2
b ,M
2
j )

 . (5.1)
For compactness of notation, we again drop the first three arguments, (m2b ,M
2
Z , m
2
b),
of the three–point integrals. Note that gZH0
i
A0
j
and gAA0
j
bb are imaginary, while g
V
H0
i
bb
is real. In the sums over scalar states, H0i runs over all CP-even neutral Higgs
bosons, and A0j runs over all CP–odd neutral Higgs bosons (including G
0). How-
ever, the corrections involving G0 can be neglected because the G0 coupling to bb¯
is not enhanced by large λb. In particular, g
A
G0bb¯ = −mb/vSM, independent of the
value of v1.
As in section 4, we can use electromagnetic gauge invariance to check our
calculations. Electromagnetic gauge invariance requires that terms proportional to
s2W sum to zero in the limit MZ → 0. Note that δgR,L(a) is independent of s2W ,
whereas in the limit MZ → 0, δgR,L(b) + δgR,L(c) = 0, independent of the Higgs
masses. The terms proportional to s2W indeed vanish in this limit.
Finally, we briefly examine the special case in which all the H0i are degenerate
with mass MH , and all the A
0
j (excluding G
0) are degenerate with mass MA. In
this case, we can sum over complete sets of states and eq. (5.1) simplifies to
δgR,L(a) = ± λ
2
b
16π2
(
e
sW cW
)
C24(m
2
b ,M
2
H ,M
2
A) ,
δgR,L(b) = − λ
2
b
32π2
gL,R
Zbb¯
{
1−
[
2C24 +M
2
Z(C22 − C23)
]
(M2H , m
2
b , m
2
b)
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2A, m
2
b , m
2
b)
}
,
δgR,L(c) =
λ2b
32π2
gR,L
Zbb¯
[
B1(m
2
b ;m
2
b ,M
2
H) +B1(m
2
b ;m
2
b ,M
2
A)
]
. (5.2)
6 Corrections to Z → bb¯ in specific extended Higgs models
In this section we calculate the radiative corrections to Z → bb¯ in a variety of
extended Higgs models, and ascertain the constraints on the parameter space of
each model due to the experimental data. We find that the corrections to Rb are
large enough that the measured value of Rb can be used to constrain the parameter
space of specific models. However, the corrections to Ab are small compared to the
uncertainty in the measurement of Ab, and thus cannot be used to further constrain
the models.
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6.1 Models with Higgs doublets and singlets
6.1.1 Charged Higgs boson contributions
In a model containing only Higgs doublets and singlets, the radiative corrections
due to the charged Higgs bosons are described by eq. (4.5). These corrections have
definite signs; in particular, δgL > 0 and δgR < 0. Both of these give ∆Rb < 0,
in worse agreement with experiment than the SM. The corrections due to neutral
Higgs boson exchange will also contribute when λb is enhanced. They must be
taken into account as well in this regime when deriving constraints from the Rb
measurement.
Two Higgs doublet model The 2HDM contains a single charged Higgs boson,
H+ = − sin β φ+1 + cos β φ+2 . (6.1)
Its contribution to δgL,R is found from eq. (4.5) with only one H+ in the sum. For
the Type II 2HDM,
δgL =
1
32π2
(
gmt√
2MW
cot β
)2
e
sW cW
[
R
R − 1 −
R logR
(R− 1)2
]
, (6.2)
δgR = − 1
32π2
(
gmb√
2MW
tanβ
)2
e
sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
, (6.3)
where R ≡ m2t/M2H+ . This correction is in addition to the correction due to
Goldstone boson exchange, which is the same as in the SM. This agrees with the
results of refs. [16,17,18,19,20]. In the Type II model, δgL is significant at small
tanβ and is suppressed at large tan β, while δgR is negligible at small tan β but is
significant at large tan β.
In a Type I model the result is the same except that cot2 β is replaced with
tan2 β in δgL. In this case, δgR is negligible compared to δgL at any value of tan β.
Both δgL and δgR grow with increasing tanβ.
For small tan β, the neutral Higgs couplings to b quarks are small, and contri-
butions to Z → bb¯ due to neutral Higgs boson exchange can be neglected. In this
regime the corrections due to charged Higgs boson exchange can be used to con-
strain the 2HDM. In fig. 5 we plot the constraints from Rb on MH+ as a function
of tan β, for a Type II 2HDM. We also show the constraints on the charged Higgs
mass from the process b→ sγ [35,36] and the charged Higgs boson search at LEP
[37]. The constraint on the charged Higgs mass from the Tevatron D0 experiment
[38] is significantly weaker than the constraint from b → sγ, and are not shown
in fig. 5. Rb provides the strongest constraint on MH+ for tan β < 1.5. For larger
tanβ, the constraint from b→ sγ is stronger.
20
0.8
1
1.2
1.4
1.6
1.8
2
0 100 200 300 400 500 600 700 800 900
ta
n 
β
MH+ [GeV]
excluded by Rb
excluded by
b → s γ
95%99%99.9%
Type II 2HDM
Fig. 5. Constraints from Rb on the charged Higgs mass and tan β in the Type II 2HDM.
The area below the solid line is excluded at 95% confidence level. Also shown are the
99% and 99.9% confidence levels (dashed lines). We also show the 95% confidence level
lower bound on MH+ from the b→ sγ branching ratio [35,36] (dot-dashed). The vertical
dotted line is the direct search bound on the charged Higgs mass, MH+ > 77.3 GeV [37].
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For large tanβ, neutral Higgs boson exchange contributes to Z → bb¯ in addition
to charged Higgs boson exchange. The neutral Higgs boson contributions are
discussed in section 6.1.2.
In the case of a Type I 2HDM, the bound on MH+ from Rb is the same as in
fig. 5, but with cot β replacing tanβ on the vertical axis. In this class of models
there is no constraint at present on the charged Higgs boson mass from b→ sγ.
Multiple–doublet models and models with singlets We now consider the
effects of charged Higgs boson exchange in a model containing multiple Higgs
doublets, denoted Φk, with Y = 1. We can add to this model any number of Higgs
singlets with zero hypercharge. These contain only neutral degrees of freedom, and
so they have no effect on the charged Higgs sector.
In a Type I model of this type, we let Φ1 couple to both up– and down–type
quarks, and none of the other doublets couple to quarks. In a Type II model, we
let Φ1 couple only to down–type quarks, and Φ2 couple to up–type quarks. Then
the Yukawa couplings are defined in the same way as in the 2HDM, in eqs. (3.10)–
(3.11).
In a Type II model, the contributions to Z → bb¯ from charged Higgs boson
exchange are
δgL =
1
32π2
e
sW cW
(
gmt√
2MW
vSM
v2
)2 ∑
i 6=G+
〈H+i |φ+2 〉2
[
Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
, (6.4)
δgR = − 1
32π2
e
sW cW
(
gmb√
2MW
vSM
v1
)2 ∑
i 6=G+
〈H+i |φ+1 〉2
[
Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
(6.5)
where Ri ≡ m2t/M2H+
i
. This contribution is in addition to the contribution due to
charged Goldstone boson exchange, which is the same as in the SM. In a Type I
model, the contribution is the same except that v2 is replaced with v1 and φ
+
2 is
replaced with φ+1 in the formula for δg
L.
These corrections to δgL,R from charged Higgs boson exchange have the same
dependence on the charged Higgs masses as the corrections in the 2HDM. The con-
tribution from each H+i is weighted by the overlap of each H
+
i with the electroweak
eigenstate that couples to the quarks involved.
Note that the Yukawa couplings depend on the ratios vSM/v2 and vSM/v1. This
is the same dependence as in the 2HDM. Recall that in the 2HDM, v1 and v2 were
constrained by the W mass to satisfy the relation, v21 + v
2
2 = v
2
SM. Thus in the
2HDM, v1 and v2 cannot both be small at the same time. However, in a model
with more than two doublets, the W mass constraint involves the vevs of all the
doublets (labeled by k), giving
∑
k v
2
k = v
2
SM. In this model, both v1 and v2 can be
small at the same time, leading to significant contributions to both δgL and δgR.
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The corrections to Z → bb¯ in this model can be understood by examining their
behavior in certain limits. First, let us examine the limit in which all but one of
the H+i are very heavy. The contributions of the heavy H
+
i to δg
L,R go to zero as
the masses go to infinity. The remaining contribution to δgL,R is due to the single
light charged Higgs boson, and it is of the same form as in the 2HDM. Comparing
with eqs. (6.2)–(6.3), we see that in δgL, tanβ is replaced by v2/[vSM〈H+i |φ+2 〉], and
in δgR, tanβ is replaced by [vSM〈H+i |φ+1 〉]/v1. The charged Higgs sector can be
constrained by Rb when there are no significant contributions to Z → bb¯ coming
from neutral Higgs boson exchange. This is ensured when v1 is not too small. In
this regime, δgL can be significant, while δgR is negligible. The constraint from Rb
on the mass of the remaining light charged Higgs boson is the same as in fig. 5,
with tanβ replaced by v2/[vSM〈H+i |φ+2 〉].
If v2 and 〈H+i |φ+2 〉 are held constant while the masses of the heavy charged Higgs
bosons are reduced, the bound shown in fig. 5 becomes stronger. This happens
because the heavy charged Higgs bosons begin to contribute to δgL, forcing the
contribution of the light charged Higgs boson to be smaller in order to be consistent
with the measured value of Rb. This is done by raising the mass of the light charged
Higgs boson.
Finally, if all the charged Higgs bosons are degenerate, with a common mass
MH , then we can sum over a complete set of states and the corrections in a Type
II model simplify to the following:
δgL =
1
32π2
e
sW cW
(
gmt√
2MW
)2
v2SM − v22
v22
[
R
R− 1 −
R logR
(R− 1)2
]
, (6.6)
δgR =
1
32π2
e
sW cW
(
gmb√
2MW
)2
v2SM − v21
v21
[
R
R − 1 −
R logR
(R− 1)2
]
, (6.7)
where R ≡ m2t/M2H . These corrections are in addition to the corrections due to
charged Goldstone boson exchange in the SM. In a Type I model, v2 is replaced
by v1 in δg
L.
These corrections are the same as the corrections in the 2HDM, with tan β
replaced by v2/(v
2
SM− v22)1/2 in δgL, and tanβ replaced by (v2SM− v21)1/2/v1 in δgR.
As before, the charged Higgs sector can be constrained by Rb when there are no
significant contributions to Z → bb¯ coming from neutral Higgs boson exchange.
This is ensured when v1 is not too small. In this regime, the constraint from Rb on
the common charged Higgs mass MH is the same as in fig. 5, with tanβ replaced
by v2/(v
2
SM − v22)1/2.
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6.1.2 Neutral Higgs boson contributions
As we showed in section 5, the radiative corrections to the process Z → bb¯ due to
neutral Higgs boson exchange are proportional to λ2b . They are negligible compared
to the contributions from charged Higgs boson exchange which are proportional to
λ2t , except when λb is enhanced relative to λt. This happens in a Type II model
when v1 ≪ v2. In what follows we consider only Type II models. When λb is
enhanced, the corrections to δgR due to charged Higgs boson exchange will also
contribute. These must be taken into account when deriving constraints on Higgs
sector parameters from the Rb measurement.
Two Higgs doublet model The 2HDM contains three neutral Higgs bosons,
A0 = − sin β φ0,i1 + cos β φ0,i2 ,
h0 = − sinαφ0,r1 + cosα φ0,r2 ,
H0 = cosαφ0,r1 + sinα φ
0,r
2 . (6.8)
The corrections due to neutral Higgs boson exchange in the 2HDM depend on the
masses of the three neutral Higgs bosons, the mixing angle α, and tan β ≡ v2/v1.
The Higgs couplings are easily found from these parameters using the formulae
of section 3 (see, e.g., ref. [11]). Inserting these couplings into eq. (5.1) for the
corrections from neutral Higgs boson exchange
δgR,L(a) = ± 1
16π2
e
sW cW
(
gmb√
2MW
)2
tan2 β
×
[
sα
sβ
cos(β − α)C24(m2b ,M2h0 ,M2A0) +
cα
sβ
sin(β − α)C24(m2b ,M2H0 ,M2A0)
]
,
δgR,L(b) = − 1
32π2
gL,R
Zbb¯
(
gmb√
2MW
)2
tan2 β
×

(sα
sβ
)2 {
1
2
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2h0 , m
2
b , m
2
b)
}
+
(
cα
sβ
)2 {
1
2
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2H0 , m
2
b , m
2
b)
}
+1
2
−
[
2C24 +M
2
Z(C22 − C23)
]
(M2A0 , m
2
b , m
2
b)

 ,
δgR,L(c) =
1
32π2
gR,L
Zbb¯
(
gmb√
2MW
)2
tan2 β
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Fig. 6. Rb in the 2HDM with tan β = 50, cos
2(β − α) = 1/2, MH0 = 200 GeV and
MH+ = 165 GeV. ∆Rb < 0 for all allowed masses, so this model is in worse agreement
with experiment than the SM. The solid line is the 95% confidence level lower bound on
MA0 fromRb. Also shown are the 99% and 99.9% confidence level contours (dashed lines).
The dot-dashed line is the lower bound on Mh0 from direct searches (see appendix B).
×


(
sα
sβ
)2
B1(m
2
b ;m
2
b ,M
2
h0) +
(
cα
sβ
)2
B1(m
2
b ;m
2
b ,M
2
H0) +B1(m
2
b ;m
2
b ,M
2
A0)

 (6.9)
where sα ≡ sinα, cα ≡ cosα, sβ ≡ sin β, and cβ ≡ cos β.
The contribution of these corrections to Rb can be either positive or negative,
depending on the neutral Higgs masses and the mixing angle α. We plot the
corrections for various sets of parameters.
In fig. 6, we plot the constraints on the neutral Higgs sector from Rb. The
parameters in this plot are tanβ = 50, cos2(β − α) = 1/2, and MH0 = 200 GeV.
With cos2(β − α) = 1/2, the Zh0A0 and ZH0A0 couplings are equal, and h0, H0,
and A0 all contribute to the corrections. The contribution of the charged Higgs
boson (which depends on MH+) to Rb must also be considered. Note that for
large tan β, the charged Higgs boson contributions to δgL are negligible, whereas
contributions to δgR are negative which reduces Rb. In fig. 6, we have taken
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MH+ = 165 GeV, which is the lower bound on the charged Higgs mass in the
general 2HDM based on constraints from the observed rate for b→ sγ [35,36]. We
can also consider a second case where MH+ ≫MZ . In this limit, the contribution
of H+ to Rb vanishes, and we need only consider the effects of the neutral Higgs
sector.4 However, given a fixed value of MH0 , one cannot arbitrarily increase MH+
without violating the constraints due to the ρ-parameter. In appendix A, the shift
in the ρ-parameter due to one-loop radiative corrections mediated by the non-
minimal Higgs sector of the 2HDM is given by eq. (A.1). As an example, consider
the case of cos2(β − α) = 1/2 and Mh0 , MA0 ≤MH0 = 200 GeV as in fig. 6. If we
take ∆ρ <∼ 3 × 10−3, we find that the charged Higgs boson must be lighter than
about 270 GeV. For MH+ = 270 GeV, the contour lines in fig. 6 change by an
insignificant amount, so there is no need to show a separate graph.
Since the corrections to Rb from both the charged and neutral Higgs bosons are
proportional to tan2 β, we can vary tan β within the large tanβ regime and ∆Rb
will still be negative. In particular, the region ruled out by Rb gets larger as tan β
increases. In fig. 6, the range of masses of h0 and A0 in which ∆Rb > 0 is already
excluded by direct searches. For all remaining allowed h0 and A0 masses, ∆Rb < 0,
in worse agreement with experiment than the SM. The corresponding corrections
to Ab are negligible (|∆Ab| < 0.003) compared to the experimental uncertainty in
the Ab measurement.
In fig. 7, we exhibit the constraints on the neutral Higgs sector from Rb for
cos(β−α) = 1, with all other parameters the same as in fig. 6. For cos(β−α) = 1,
the ZH0A0 coupling is zero and the H0bb¯ coupling is not enhanced over the SM
H0bb¯ coupling, so the contribution ofH0 to the corrections is negligible. The region
where ∆Rb > 0 (due to the positive contribution of the neutral Higgs bosons to
Rb which overcomes the negative contribution from H
+ exchange) lies below the
(roughly) semi-circular dashed contour. However, this region of parameter space
is already ruled out by the direct search limits from LEP (see appendix B). Note
that the corrections to Rb are negative for large splittings between Mh0 and MA0 .
Thus areas of low Mh0 and high MA0 , and of low MA0 and high Mh0, are ruled out
by the Rb measurement. Again, the corresponding corrections to Ab are negligible
(|∆Ab| < 0.004) compared to the experimental uncertainty in the Ab measurement.
Both the charged and neutral Higgs boson corrections at large tan β are pro-
portional to tan2 β. Hence, varying tanβ will not change the combinations of Mh0
and MA0 for which ∆Rb = 0. It follows that the line where Rb is equal to its SM
value stays the same as we vary tanβ, as long as we remain in the large tan β
regime. Since the corrections grow with tanβ, the regions ruled out by Rb in fig. 7
get larger as tan β increases.
As previously noted, the corrections from charged Higgs boson exchange give
4Since ∆Rb < 0 from virtual H
+ exchange, in the case of MH+ → ∞, the Rb exclusion
contours in fig. 6 would move downward (i.e., less parameter space would be excluded).
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Fig. 7. Rb in the Type II 2HDM with tan β = 50, cos(β − α) = 1, and MH+ = 165 GeV.
The solid lines are the 95% confidence level lower bounds onMA0 andMh0 from Rb. The
99% and 99.9% confidence level bounds from Rb are also indicated by the appropriately
labeled dashed lines. The (roughly) semi-circular dashed line labeled “SM” is where the
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corresponds to the area below the dot–dashed line in the direction indicated by the
arrow.
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a negative contribution to Rb. If the charged Higgs mass is increased, its negative
contribution is reduced, and hence the excluded regions of fig. 6 shrink. In par-
ticular, the semi-circular contour where ∆Rb = 0 moves outward, and eventually
crosses the dot-dashed line (which indicates the boundary of the region excluded
by direct searches). That is, for large enough H+ mass, there exists an unexcluded
region of the Mh0 vs. MA0 plane for which Rb > 0, resulting in a slightly better
fit to the measured value of Rb. However, as noted above, the charged Higgs mass
cannot be taken too large without violating the ρ-parameter constraint. If this
constraint is also imposed, then even with MH+ taken at its maximally allowed
value (with the parameters as given in fig. 6), the viable region of parameter space
where Rb > 0 is quite small. Moreover, this region is on the verge of being ruled
out by the direct Higgs searches at LEP.
Finally, we can consider the case of cos(β − α) = 0 by interchanging the roles
of h0 and H0 in fig. 7; the results for Rb and Ab will remain the same. For
cos(β − α) = 0, the couplings of h0 are equal to their SM values, so the SM Higgs
search limit applies. That is, the experimental lower limit of Mh0 is equivalent to
the SM Higgs mass bound from LEP,Mh0 > 95.2 GeV [37]. H
0 is, by definition, the
heavier CP–even neutral Higgs boson, soMH0 > Mh0 > 95.2 GeV. The mass of H
0
is also constrained by the LEP search for H0A0 production. When cos(β−α) = 0,
the Zh0A0 coupling is zero and the h0bb¯ coupling is not enhanced over the SM
coupling. Hence, h0 does not contribute significantly to the corrections and we will
neglect it.
The constraints on the Higgs parameters from Rb for cos(β−α) = 0 are shown
in fig. 8. To ensure that the ρ-parameter is satisfied, we have set MH+ = MA0
for MA0 > 165 GeV. For MA0 < 165 GeV, we have taken MH+ = 165 GeV, to be
consistent with the constraint from b→ sγ [35,36]. The Rb measurement rules out
areas of parameter space where the mass splitting between H0 and A0 is large. For
example, if the H0 (A0) mass is 1000 GeV, then A0 (H0) must be heavier than
about 300 GeV.
Two Higgs doublet model in the decoupling limit In the decoupling limit
of the 2HDM, h0 remains light and its couplings to the SM particles approach those
of the SM Higgs boson, while all the other Higgs bosons become heavy and nearly
degenerate in mass. In particular, in the decoupling limit [39]: (i) Mh0 ∼ O(MZ);
(ii) MH0 ≃ MA0 ≃ MH+ ≫ MZ ; (iii) |M2H0 −M2A0 | ∼ |M2H+ −M2A0 | ∼ O(M2Z);
and (iv) cos(β − α) ∼ O(M2Z/M2A0). We can expand the corrections to Z → bb¯
from neutral Higgs boson exchange in the 2HDM in this limit. Expanding the
three–point integrals in the limit of MA0 ≫ MZ (see, e.g., ref. [34]), we obtain to
leading order in M2Z/M
2
A0:
δgL ≃ 1
16π2
(
e
sW cW
)(
gmb√
2MW
)2
tan2 β
M2Z
M2A0
{
− 1
36
+
1
9
s2W
[
1
3
+ log
(
−M
2
A0
M2Z
)]}
,
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δgR ≃ 1
16π2
(
e
sW cW
)(
gmb√
2MW
)2
tan2 β
×M
2
Z
M2A0
{
− 1
36
− 1
6
[
log
(
−M
2
A0
M2Z
)]
+
1
9
s2W
[
1
3
+ log
(
−M
2
A0
M2Z
)]}
. (6.10)
As an example, for tanβ = 50 and MA0 = 200 GeV, the above corrections give
∆Rb = −3.7× 10−4, which is only half the size of the experimental error of the Rb
measurement. The corrections vanish in the limit of large MA0 as expected from
decoupling. This limit is approached in fig. 8 when MH0 and MA0 are both large
(compared to MZ) and similar in size.
Multiple–doublet models We now consider neutral Higgs boson exchange in a
model containing multiple Higgs doublets, denoted Φk, with hypercharge Y = 1.
In a Type I model of this type, we let Φ1 couple to both up– and down–type
quarks, and none of the other doublets couple to quarks. In a Type II model, we
let Φ1 couple only to down–type quarks, and Φ2 couple to up–type quarks. Then
the Yukawa couplings are defined in the same way as in the 2HDM, in eqs. (3.10)–
(3.11). As always, the contributions to Z → bb¯ from neutral Higgs boson exchange
are only significant in a Type II model, when λb is enhanced by small v1. We will
only consider Type II multi–doublet models with small v1.
The contributions from neutral Higgs boson exchange in the multi–doublet
model are more complicated than in the 2HDM, simply because there are more
neutral Higgs states. Only the states which have a nonzero overlap with Φ1 can
couple to b quarks, so only these states contribute. The corrections depend on the
overlap of each neutral state with Φ1 and the mass of each state. As in the 2HDM,
the region of parameter space in which the correction to Rb is positive is almost
entirely ruled out by direct searches.
Multiple–doublet models with Higgs singlets We can also consider adding
a number of Higgs singlets, with hypercharge zero, to the multi–doublet model.
The singlets do not couple to Z or to quarks. Their vevs are also unconstrained
by the W mass. In general, the singlets will mix with the neutral components
of the doublets to form mass eigenstates. The couplings of the physical states to
bb¯ still depend only on v1, which fixes λb, and on the overlap of each state with
Φ1. The couplings of physical states to Z are no longer the same as in a model
containing only doublets. Instead, they are equal to the Z coupling for doublet
states weighted by the overlap of each state with doublets. Explicitly,
gZH0
i
A0
j
=
−ie
2sW cW
∑
k
〈H0i |φ0,rk 〉〈A0j |φ0,ik 〉, (6.11)
where k runs only over the Higgs doublets.
30
In order to understand the effects of singlets on the corrections to Z → bb¯, let
us imagine replacing each Higgs singlet with the neutral component of a doublet,
with the appropriate CP quantum number, while holding the masses and mixings
of the physical states fixed. Then, the couplings of each state to bb¯ remain the
same. However, the couplings of the states to Z are now equal to,
gZH0
i
A0
j
=
−ie
2sW cW
, (6.12)
which is the coupling in a model containing only Higgs doublets. Comparing this
to eq. (6.11), we see that δgR,L(a) in the model with singlets must be smaller in
magnitude than in the model in which the singlets are replaced by doublets.
Degenerate neutral Higgs bosons in a general extended Higgs sector
The corrections to Z → bb¯ due to neutral Higgs boson exchange in a general model
are quite complicated. They depend on the couplings and masses of all the neutral
Higgs bosons in the model. However, the corrections can be simplified if some of
the neutral Higgs bosons are degenerate in mass.
Consider a general extended Higgs sector, which can contain Higgs singlets,
doublets, and larger multiplets. We require that the model be Type II, and that
λb be enhanced relative to λt. A Type II model must contain at least two Higgs
doublets, Φ1 and Φ2, to couple to down– and up–type quarks, respectively. Only
the neutral Higgs bosons with large couplings to bb¯ give significant contributions
to the corrections. In what follows we will only consider these. States without
enhanced bb¯ couplings, such as G0, do not contribute significantly. We will ignore
them, and therefore it does not matter what their masses are.
If all the CP–even neutral Higgs bosons are degenerate with mass MH , and all
the CP–odd neutral Higgs bosons are degenerate with mass MA, then we can take
the two– and three–point integrals outside of the sums in eq. (5.1). Then we can
sum the couplings over complete sets of states. Using the couplings in a general
model from eqs. (3.13), (3.14) and (3.17), we find
∑
H0
i
,A0
j
gZH0
i
A0
j
gVH0
i
bb¯g
A
A0
j
bb¯ =
e
2sW cW
(
gmb√
2MW
)2 (
vSM
v1
)2
, (6.13)
∑
H0
i
(gVH0
i
bb¯)
2 = −∑
A0
j
(gAA0
j
bb¯)
2 =
(
gmb√
2MW
)2 (
vSM
v1
)2
. (6.14)
These sums over the couplings are related to certain couplings in the 2HDM, as
follows. On the left–hand side are the couplings in the general model with degen-
erate neutral Higgs bosons, and on the right–hand side are the couplings in the
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2HDM with cos(β − α) = 1. That is,
∑
H0
i
,A0
j
gZH0
i
A0
j
gVH0
i
bb¯g
A
A0
j
bb¯ = gZh0A0g
V
h0bb¯g
A
A0bb¯ , (6.15)
∑
H0
i
(gVH0
i
bb¯)
2 = (gVh0bb¯)
2 , (6.16)
∑
A0
j
(gAA0
j
bb¯)
2 = (gAA0bb¯)
2 . (6.17)
Therefore, when all the CP–even neutral Higgs bosons are degenerate with mass
MH , and all the CP–odd neutral Higgs bosons are degenerate with mass MA, the
contributions to Z → bb¯ are the same as the contributions from the 2HDM with
Mh0 = MH , MA0 = MA, and cos(β − α) = 1. The parameter corresponding to
tanβ in the extended model is
v2SM − v21
v21
= tan2 β. (6.18)
Similarly, the corrections can be simplified if only the CP–even states, or only
the CP–odd states, are degenerate. If the CP–even states are degenerate, we can
sum over the H0i couplings. We then get the same result as if the CP–even neutral
Higgs sector consisted of a single state H0, which consists entirely of φ0,r1 . Recall
that φ0,r1 is the CP–even neutral component of the doublet which couples to down–
type quarks. If, instead, the CP–odd states are degenerate, we can sum over the A0j
couplings. We get the same result as if the CP–odd neutral Higgs sector consisted
of a single state A0, which consists entirely of φ0,i1 (up to the small mixing of φ
0,i
1
with G0, which is negligible in the small v1 regime).
6.2 Models with Higgs multiplets larger than doublets
We next consider Higgs sectors that contain one or more multiplets larger than
doublets. Two types of models that use different approaches to satisfy ρ ≃ 1 are
examined. We first consider models in which the vevs of the multiplets larger
than doublets are fine-tuned to be very small, so that their contribution to the ρ
parameter is negligible. Second, we consider models that preserve SU(2)c symmetry
(in the Higgs sector), ensuring that ρ = 1 at tree level.
6.2.1 Models with one Higgs doublet and one triplet
The minimal extension of the Higgs sector that includes multiplets larger than
doublets consists of the complex Y = 1 doublet of the SM, denoted by Φ, plus a
triplet Higgs field. The vev of the triplet field must be fine–tuned very small in
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order to be consistent with the measured value of the ρ parameter, ρ ≃ 1. The
triplet field can either be a real triplet with Y = 0, or a complex triplet with Y = 2.
Here we investigate both possibilities.
These two models contain only one Higgs doublet, which couples to both up–
and down–type quarks, so they are necessarily Type I models. Thus λb ≪ λt, and
the only non–negligible contributions to Z → bb¯ come from the contributions to
δgL from charged Higgs boson exchange.
We first consider the “Y = 0 model” with one doublet and one real triplet field
with Y = 0. The triplet field is ξ = (ξ+, ξ0, ξ−). We define the doublet and triplet
vevs by 〈φ0〉 = vφ/
√
2 and 〈ξ0〉 = vξ. The vevs are constrained by the W mass to
satisfy
v2SM = v
2
φ + 4v
2
ξ . (6.19)
It is convenient to parameterize the ratio of the vevs by
tan θ0 =
vφ
2vξ
. (6.20)
In this model, the tree–level ρ parameter is
ρ =
v2φ + 4v
2
ξ
v2φ
= 1 +
4v2ξ
v2φ
≡ 1 + ∆ρ . (6.21)
In terms of tan θ0, we find
∆ρ =
1
tan2 θ0
. (6.22)
We see that in order to have ρ ≃ 1, the triplet vev must be very small, giving large
tan θ0. The charged states mix to form the charged Goldstone boson and a single
charged physical state
G+ = sin θ0 φ
+ + cos θ0 ξ
+ ,
H+ = cos θ0 φ
+ − sin θ0 ξ+ . (6.23)
We next consider the “Y = 2 model” with one doublet and one complex triplet
field with Y = 2. The triplet field is χ = (χ++, χ+, χ0). We define the vev of this
triplet field by 〈χ0〉 = vχ/
√
2. The vevs are constrained by the W mass to satisfy
v2SM = v
2
φ + 2v
2
χ . (6.24)
It is convenient to parameterize the ratio of the doublet and triplet vevs by
tan θ2 =
vφ√
2vχ
. (6.25)
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In this model, the tree–level ρ parameter is
ρ =
v2φ + 2v
2
χ
v2φ + 4v
2
χ
= 1− 2v
2
χ
v2φ + 4v
2
χ
≡ 1 + ∆ρ . (6.26)
In terms of tan θ2, we find
∆ρ =
−1
tan2 θ2 + 2
. (6.27)
We see that in order to have ρ ≃ 1, the triplet vev must be very small, giving large
tan θ2. The charged states mix to form the charged Goldstone boson and a single
charged physical state
G+ = sin θ2 φ
+ + cos θ2 ξ
+ ,
H+ = cos θ2 φ
+ − sin θ2 ξ+ . (6.28)
The Higgs couplings to quarks and the Z boson can be parameterized as follows.
We let θ denote θ0 in the Y = 0 model and θ2 in the Y = 2 model. We also define
a factor ǫ such that ǫ = +1 in the Y = 0 model and ǫ = −1 in the Y = 2 model.
The charged Higgs couplings to quarks are
gLG+ t¯b =
gmt√
2MW
, (6.29)
gLH+ t¯b =
gmt√
2MW
cot θ . (6.30)
The ZH+i H
−
j couplings are
gZG+G− = − e
sW cW
(
1
2
− s2W +
ǫ
2
cos2 θ
)
, (6.31)
gZG+H− =
e
sW cW
ǫ
2
sin θ cos θ , (6.32)
gZH+H− = − e
sW cW
(
1
2
− s2W +
ǫ
2
sin2 θ
)
. (6.33)
Contributions to Z → bb¯ In both the Y = 0 and the Y = 2 models, there is an
off–diagonal ZG+H− coupling, and the diagonal ZH+H− and ZG+G− couplings
differ from their values in models containing only Higgs doublets and singlets.
These couplings contribute to the second and third terms of δgL in eq. (4.4).
In addition to the SM contribution to δgLSM from G
+ exchange, the charged
Higgs contribution to δgL is given by
δgL =
1
32π2
(
gmt√
2MW
)2
e
sW cW
cos2 θ
{
1
sin2 θ
[
R
R− 1 −
R logR
(R− 1)2
]
−2ǫ
[
C24(m
2
t ,M
2
W ,M
2
W ) + C24(m
2
t ,M
2
H+ ,M
2
H+)− 2C24(m2t ,M2W ,M2H+)
]}
(6.34)
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where R ≡ m2t/M2H+ .
Note that δgL is proportional to cos2 θ, which goes to zero in the large tan θ
limit. This is due to the fact that in the limit of small triplet vev in either of these
models, the overlap of H+ with the doublet is proportional to cos θ. As a result,
in the large tan θ limit, H+ is almost entirely triplet and so its couplings to quarks
are very small. Also in the large tan θ limit, the off–diagonal ZG+H− coupling
goes to zero, and the ZG+G− coupling approaches its SM value.
Constraints from the ρ parameter We must also take into account the con-
straint on tan θ from the ρ parameter in each of the models. Since ∆ρ depends
differently on tan θ0 than on tan θ2, the constraint on tan θ will be different in the
Y = 0 model than in the Y = 2 model.
The experimental constraints on ∆ρ are taken from ref. [5]. Writing the tree-
level value of the ρ-parameter as ρ = 1 +∆ρnew, the 2σ level limits are:
− 1.7× 10−3 < ∆ρnew < 2.7× 10−3 . (6.35)
We now use ∆ρnew to constrain tan θ0 and tan θ2. We ignore the radiative correc-
tions from the non–minimal Higgs sector. In the Y = 0 model, ∆ρnew > 0, while
in the Y = 2 model, ∆ρnew < 0. The resulting 2σ limits on tan θ0 and tan θ2 are:
tan θ0 > 19 , tan θ2 > 24 . (6.36)
Results The contribution to δgL in both the Y = 0 model and the Y = 2 model
is proportional to cos2 θ [eq. (6.34)]. When the constraints on tan θ from the ρ
parameter are imposed, the corrections to Rb and Ab are very small. Even allowing
for the largest possible values of θ0 and θ2, we find that over the relevant Higgs
parameter space (with MH+ varying between 10 and 1000 GeV), |∆Rb| < 7× 10−6
and |∆Ab| < 3 × 10−6. These corrections are tiny compared to the experimental
error on the Rb and Ab measurements [eqs. (2.8) and (2.9)].
In general, the contribution to δgL vanishes in the large tan θ limit in any model
in which the charged Goldstone boson is made up almost entirely of the doublet
that couples to quarks. As a result, the overlap of the other charged Higgs states
with the doublet is very small, so the other charged Higgs states couple very weakly
to quarks. This occurs in any model that contains only one scalar doublet, plus
any number of singlets and multiplets larger than doublets, as long as the vevs of
the multiplets larger than doublets are forced to be small.
The contributions of multiplets larger than doublets to Z → bb¯ can be large only
if the larger multiplets mix significantly with doublets, so that the resulting Higgs
states have non–negligible couplings to quarks. This can happen in two ways. First,
if the model contains more than one doublet, then each singly-charged scalar field
of the doublets that couples to quarks will contain physical scalar components that
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can mix with charged scalar states from higher multiplets. The resulting physical
charged scalar mass eigenstates can thus possess a non–negligible couplings to
quarks. A model of this type is discussed in section 6.2.2. Second, if the multiplets
larger than doublets have sizeable vevs, then the charged Goldstone boson must
contain some admixture of the larger multiplets, leaving part of the doublet free
to mix into the physical charged Higgs states. However, in order for the multiplets
larger than doublets to have sizeable vevs without violating the constraint from
the ρ parameter, the model must preserve SU(2)c symmetry. Models of this type
are discussed in section 6.2.3.
6.2.2 Models with two doublets and one triplet
We next consider a Higgs sector consisting of two doublets and one triplet. As
in section 6.2.1, the triplet can be real with Y = 0 or complex with Y = 2.
The couplings for these models are given in ref. [24]. With two doublets, we can
construct either a Type I model or a Type II model. In this section we consider a
Type II model, but we also note the changes in the formulae that must be made
to recover a Type I model.
We will consider both the corrections due to charged Higgs boson exchange and
the corrections due to neutral Higgs boson exchange. The corrections from neutral
Higgs boson exchange can be significant in a Type II model with large tanβ. We
define tan β in this model exactly as in the 2HDM, tanβ = v2/v1, where the vevs
of the doublets are 〈φ01〉 = v1/
√
2 and 〈φ02〉 = v2/
√
2.
Charged Higgs boson contributions We first consider the corrections due to
charged Higgs boson exchange in the “Y = 0 model” consisting of two doublets
and one real triplet field with Y = 0. The triplet field is ξ = (ξ+, ξ0, ξ−). We define
the triplet vev by 〈ξ0〉 = vξ. In the Y = 0 model we parameterize the vevs by
tan θ0 =
(v21 + v
2
2)
1/2
2vξ
, (6.37)
in analogy to section 6.2.1.
The charged Higgs states are defined as follows. The Goldstone boson is
G+ = sin θ0(cos β φ
+
1 + sin β φ
+
2 ) + cos θ0 ξ
+ . (6.38)
In addition we define two orthogonal states
H+′1 = cos θ0(cos β φ
+
1 + sin β φ
+
2 )− sin θ0 ξ+ ,
H+′2 = − sin β φ+1 + cos β φ+2 , (6.39)
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which will mix by an angle δ to form the mass eigenstates. Before mixing them,
however, let us take the limit of large tan θ0 in order to satisfy the experimental
constraint on the ρ-parameter. We make the approximation that sin θ0 ≈ 1 and
cos θ0 ≈ 0 (the general case of arbitrary tan θ0 is considered in ref. [24]). Then the
positively charged scalar states are
G+ ≃ cos β φ+1 + sin β φ+2 ,
H+′1 ≃ −ξ+ ,
H+′2 = − sin β φ+1 + cos β φ+2 , . (6.40)
These states mix by an angle δ to form the mass eigenstates:
H+1 ≃ sin δ (− sin β φ+1 + cos β φ+2 )− cos δ ξ+ ,
H+2 ≃ cos δ (− sin β φ+1 + cos β φ+2 ) + sin δ ξ+ . (6.41)
We next consider the corrections due to charged Higgs boson exchange in the
“Y = 2 model” consisting of two doublets and one complex triplet field with Y = 2.
The triplet field is χ = (χ++, χ+, χ0). We define the triplet vev by 〈χ0〉 = vχ/
√
2.
In the Y = 2 model we parameterize the vevs by
tan θ2 =
(v21 + v
2
2)
1/2
√
2vχ
, (6.42)
again in analogy to section 6.2.1.
The charged Higgs states in the Y = 2 model are parameterized in the same
way as the states in the Y = 0 model. The Goldstone boson is
G+ = sin θ2 (cos β φ
+
1 + sin β φ
+
2 ) + cos θ2 χ
+ . (6.43)
In addition we define two orthogonal states:
H+′1 = cos θ2 (cos β φ
+
1 + sin β φ
+
2 )− sin θ2 χ+ ,
H+′2 = − sin β φ+1 + cos β φ+2 , (6.44)
which will mix by an angle δ to form the mass eigenstates. Before mixing them, we
shall take the limit of large tan θ2 in order to satisfy the experimental constraint
on the ρ-parameter. We make the approximation sin θ2 ≈ 1 and cos θ2 ≈ 0 (the
general case of arbitrary tan θ2 is considered in ref. [24]). Then the positively
charged scalar states are
G+ ≃ cos β φ+1 + sin β φ+2 ,
H+′1 ≃ −χ+ ,
H+′2 = − sin β φ+1 + cos β φ+2 . (6.45)
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These states mix by an angle δ to form the mass eigenstates:
H+1 ≃ sin δ (− sin β φ+1 + cos β φ+2 )− cos δ χ+ ,
H+2 ≃ cos δ (− sin β φ+1 + cos β φ+2 ) + sin δχ+ . (6.46)
The states and couplings for arbitrary tan θ2 are given in ref. [24].
We now calculate the corrections to Z → bb¯ from charged Higgs boson exchange
in the Type II Y = 0 and Y = 2 models. As in section 6.2.1, we introduce the
parameter ǫ = +1 in the Y = 0 model, and ǫ = −1 in the Y = 2 model. In addition
to the SM correction due to charged Goldstone boson exchange, the charged Higgs
contributions to δgL are given by
δgL ≃ 1
32π2
e
sW cW
(
gmt√
2MW
)2
cot2 β
×
{
sin2 δ
[
R1
R1 − 1 −
R1 logR1
(R1 − 1)2
]
+ cos2 δ
[
R2
R2 − 1 −
R2 logR2
(R2 − 1)2
]}
− ǫ
16π2
e
sW cW
(
gmt√
2MW
)2
cot2 β sin2 δ cos2 δ
×
[
C24(m
2
t ,M
2
H+
1
,M2
H+
1
) + C24(m
2
t ,M
2
H+
2
,M2
H+
2
)− 2C24(m2t ,M2H+
1
,M2
H+
2
)
]
(6.47)
where Ri ≡ m2t/M2H+
i
. In the Type I models, δgL is the same as above with cot2 β
replaced by tan2 β.
The first term of eq. (6.47) is the same as the correction in a three Higgs doublet
model (3HDM), given in eq. (6.4). It is positive, which gives a negative contribution
to Rb, taking it farther from the measured value. The second term comes from
the effects of the triplet. This second term is proportional to sin2 δ cos2 δ, so it is
only significant for δ near π/4, which corresponds to maximal mixing between the
charged doublet and triplet states in H+1 and H
+
2 . The second term is zero if H
+
1
and H+2 have the same mass.
The sign of the second term depends on the hypercharge of the Higgs triplet. In
the Y = 0 model, the second term is negative. However, the second term is smaller
in magnitude than the first term, so the overall contribution to δgL is positive in
the Y = 0 model. In fig. 9, we plot the constraints on MH+
1
and MH+
2
from the Rb
measurement in the Y = 0 model, for maximal doublet–triplet mixing (δ = π/4)
and tan β = 1. In order for the Y = 0 model with maximal doublet–triplet mixing
to be consistent with the Rb measurement, one or both of the charged Higgs bosons
must be very heavy.
In the Y = 2 model, the second term of eq. (6.47) is positive, resulting in a
positive δgL which is larger than in the Y = 0 model. As a result, a larger area of
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Fig. 9. Constraints from Rb on the masses of the two charged Higgs states H
+
1 and H
+
2
in the model with two doublets and one real Y = 0 triplet, with tan β = 1 and δ = pi/4.
The area below the solid line is excluded at 95% confidence level. Also shown are the
99% and 99.9% confidence levels (dashed). The dotted lines correspond to the LEP lower
limit for the H+ mass, MH+ > 77.3 GeV [37].
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Fig. 10. Constraints from Rb on the masses of the two charged Higgs states H
+
1 and
H+2 in the model with two doublets and one complex Y = 2 triplet, with tan β = 1 and
δ = pi/4. The area below the solid line is excluded at 95% confidence level. For these
values of tan β and δ, H+ masses below 410 GeV are ruled out. Also shown are the 99%
and 99.9% confidence levels (dashed).
parameter space is excluded by the Rb measurement in the Y = 2 model than in
the Y = 0 model. In fig. 10, we plot the constraints on MH+
1
and MH+
2
from the Rb
measurement on the Y = 2 model, for maximal doublet–triplet mixing (δ = π/4)
and tan β = 1. From the Rb constraint with these parameters, we find that both
of the charged Higgs bosons must be heavier than 410 GeV. If δ is varied or tan β
is increased, this bound becomes lower. Note that we do not plot a direct search
bound on the H+ mass. In this model, the LEP bound on the charged Higgs mass
does not apply, as explained in appendix B.
For completeness, we also write the contributions to δgR, which are only sig-
nificant at large tanβ. For both the Type I and Type II models
δgR ≃ − 1
32π2
e
sW cW
(
gmb√
2MW
)2
tan2 β
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×
{
sin2 δ
[
R1
R1 − 1 −
R1 logR1
(R1 − 1)2
]
+ cos2 δ
[
R2
R2 − 1 −
R2 logR2
(R2 − 1)2
]}
− ǫ
16π2
e
sW cW
(
gmb√
2MW
)2
tan2 β sin2 δ cos2 δ
×
[
C24(m
2
t ,M
2
H+
1
,M2H+
1
) + C24(m
2
t ,M
2
H+
2
,M2H+
2
)− 2C24(m2t ,M2H+
1
,M2H+
2
)
]
(6.48)
where ǫ = +1 in the Y = 0 model and ǫ = −1 in the Y = 2 model. The first term
of eq.(6.48) is the same as the correction in a 3HDM. The second term comes from
the effects of the triplet.
Neutral Higgs boson contributions Consider the contributions to Z → bb¯
from neutral Higgs boson exchange in these models. The corrections can only be
significant in the Type II models when tanβ is large. For this reason, we disregard
the Type I models here.
In the Y = 0 model, there is no Zξ0A0 coupling [24]. As a result, ξ0 has the
same couplings as a Higgs singlet. Thus, the corrections from neutral Higgs boson
exchange have the same form as in a model containing two doublets and a real
singlet with Y = 0. Models of this type were discussed in section 6.1.2.
In the Y = 2 model, there are nonzero Zχ0,rχ0,i couplings [24]. The neutral
Higgs states can be written in the large tan θ2 limit as
H01 = cos γ (cosαφ
0,r
1 + sinα φ
0,r
2 ) + sin γ χ
0,r , (6.49)
H02 = − sin γ (cosαφ0,r1 + sinαφ0,r2 ) + cos γ χ0,r , (6.50)
H03 = − sinα φ0,r1 + cosαφ0,r2 , (6.51)
G0 ≃ cos β φ0,i1 + sin β φ0,i2 , (6.52)
A01 ≃ − sinω sin β φ0,i1 + sinω cos β φ0,i2 − cosω χ0,i , (6.53)
A02 ≃ − cosω sin β φ0,i1 + cosω cos β φ0,i2 + sinωχ0,i , (6.54)
where, for simplicity, only H01 and H
0
2 contain triplet admixtures. We find that the
contributions of the neutral Higgs bosons in this model can be split into two pieces.
The first piece is the same as the contribution in a 3HDM, in which the neutral
Higgs states are given as above but with the triplet states χ0,r and χ0,i replaced
by the neutral states of the third doublet. This piece is denoted by δgR,L3HDM. The
second piece contains the additional contribution due to the effects of the isospin
and hypercharge of the triplet, and is denoted δgR,Ltriplet. That is,
δgR,L = δgR,L3HDM + δg
R,L
triplet . (6.55)
Explicit formulae can be found in ref. [24]. One finds that δgR,Ltriplet is only
significant near maximal doublet–triplet mixing in both the CP–odd and CP–even
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sectors, which occurs when ω and γ are both near ±π/4. In addition, δgR,Ltriplet is zero
ifMH0
1
=MH0
2
orMA0
1
=MA0
2
. Its sign depends on the mixing angles and the Higgs
masses. For all the neutral Higgs bosons lighter than about 200 GeV and maximal
doublet–triplet mixing, the contribution to Rb from δg
R,L
triplet is smaller than the
contribution to Rb from δg
R,L
3HDM over most of the parameter space. The contribution
to Rb from δg
R,L
3HDM is of the same order of magnitude as the contribution to Rb
from the neutral sector of the 2HDM.
6.2.3 Georgi–Machacek model with SU(2)c symmetry
In order to obtain ρ = 1 at tree level the electroweak symmetry breaking must
preserve a “custodial” SU(2) symmetry, called SU(2)c, that ensures equal masses
are given to the W± and W 3. We refer to models with this property as generalized
Georgi–Machacek (G–M) models, after the extended model of this type with Higgs
triplets first introduced in ref. [40].
The triplet G–M model contains a complex Y = 1 doublet Φ, a real Y = 0
triplet ξ, and a complex Y = 2 triplet χ. The Higgs fields take the form
Φ =
(
φ0∗ φ+
−φ+∗ φ0
)
(6.56)
χ =

 χ
0∗ ξ+ χ++
−χ+∗ ξ0 χ+
χ++∗ ξ− χ0

 (6.57)
where ξ− = −(ξ+)∗, which transform under SU(2)L × SU(2)R as (12 , 12) and (1, 1)
representations, respectively. The electroweak symmetry breaking preserves SU(2)c
when the vevs of the fields are diagonal, 〈χ〉 = vχI and 〈φ0〉 = (vφ/
√
2)I, where I
is the unit matrix. The vevs are constrained by the W mass to satisfy
v2SM = v
2
φ + 8v
2
χ . (6.58)
It is convenient to parameterize the ratio of vevs by
tan θH ≡ 2
√
2vχ
vφ
. (6.59)
Under the electroweak symmetry breaking, the SU(2)L × SU(2)R symmetry is
broken down to SU(2)c. A representation (T, T ) of SU(2)L × SU(2)R decomposes
into a set of representations of SU(2)c, in particular, 2T ⊕ 2T − 1 ⊕ · · · ⊕ 1 ⊕ 0.
In the triplet G–M model, Φ breaks down to a triplet and a singlet of SU(2)c,
and χ breaks down to a five-plet, a triplet, and a singlet of SU(2)c. The W
±
and Z bosons are given mass by absorbing the SU(2)c triplet of Goldstone bosons,
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G+,0,−3 . The remaining physical states are a five-plet H
++,+,0,−,−−
5 , a triplet H
+,0,−
3 ,
and two singlets H01 and H
0′
1 . If the Higgs potential is chosen to preserve SU(2)c,
then states transforming in different representations of SU(2)c cannot mix, and the
states in each representation are degenerate. This model contains only one doublet
Φ which gives mass to both the top- and bottom-type quarks. Therefore it is a
Type I model and λb ≪ λt. Thus the only sizeable correction to the Zbb¯ vertex in
this model will come from the left-handed charged Higgs boson loops.
The two singly-charged Higgs bosons and G+ can be written in terms of the
combinations of triplet fields
ψ+ =
1√
2
(χ+ − ξ+) , (6.60)
which transforms in a triplet of SU(2)c, and
ζ+ =
1√
2
(χ+ + ξ+) , (6.61)
which transforms in a five-plet of SU(2)c. Then, the singly charged Higgs bosons
are
G+3 = cHφ
+ + sHψ
+ , (6.62)
H+3 = −sHφ+ + cHψ+ , (6.63)
H+5 = ζ
+ , (6.64)
where sH ≡ sin θH and cH ≡ cos θH .
If the Higgs potential is chosen to preserve SU(2)c then H
+
3 and H
+
5 are mass
eigenstates because they transform under different representations of SU(2)c [41].
Such a potential is desirable because it preserves SU(2)c (and ρ = 1) to all orders in
the Higgs self–couplings. However, renormalization of the parameters in the Higgs
potential at one loop introduces quadratically divergent terms that break SU(2)c
[42]. These terms lead to quadratically divergent contributions to the ρ-parameter
and to the mixing of some of the Higgs states, including H+3 and H
+
5 . In order to
cancel the divergent corrections, SU(2)c–breaking counterterms must be introduced
in the bare Lagrangian and fine–tuned to restore ρ ≃ 1. These SU(2)c–violating
corrections arise at the two–loop level in Rb, so they will be neglected here.
The couplings in this model have been given in refs. [43,11]. They are also
derived in ref. [24] for a general G–M model containing one multiplet Φ = (1
2
, 1
2
)
and one larger multiplet X = (T, T ). The doublet field Φ is the only field with
quark Yukawa couplings. Under SU(2)c the doublet decomposes into a singlet and
a triplet. Thus only SU(2)c singlets and triplets can contain a doublet admixture
and couple to quarks. This is a general feature of any model whose Higgs sector
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obeys a custodial SU(2)c symmetry. In the triplet G–M model the charged Higgs
couplings to quarks are
gLG+ t¯b =
gmt√
2MW
, (6.65)
gL
H+
3
t¯b
=
−gmt√
2MW
tan θH , (6.66)
gLH+
5
t¯b = 0 . (6.67)
These couplings also hold in a general G–M model containing Φ = (1
2
, 1
2
) and
X = (T, T ), if tan θH is defined as
tan θH =
vX
√
4
3
T (T + 1)(2T + 1)
vφ
, (6.68)
where the vevs are constrained by the W mass to satisfy
v2SM = v
2
φ +
4
3
T (T + 1)(2T + 1)v2X . (6.69)
The loop corrections to Rb will only involve the charged Higgs states that appear
in the triplet representations of SU(2)c; namely, H
+
3 and G
+.
The relevant ZH+H− couplings for charged Higgs bosons in a triplet of SU(2)c
for any model which preserves SU(2)c are given below:
gZG+G− =
−e
sW cW
(
1
2
− s2W
)
,
gZG+H−
3
= 0 ,
gZH+
3
H−
3
=
−e
sW cW
(
1
2
− s2W
)
, (6.70)
as shown in ref. [24]. The loop corrections to Rb involving H
+ are particularly
simple because the ZG+H−3 coupling is zero.
In any model which preserves SU(2)c and contains only two multiplets Φ and
X , the correction to δgL is (not including the SM correction due to the charged
Goldstone loops):
δgL =
1
32π2
(
gmt√
2MW
)2
tan2 θH
e
sW cW
[
R
R− 1 −
R logR
(R− 1)2
]
, (6.71)
from loops involving H+3 , where R ≡ m2t/M2H+
3
. This correction is positive definite
and has the same form as the correction in the 2HDM (equation 6.2).
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In general for a model with custodial SU(2)c and more than one exotic multiplet
X , the correction becomes
δgL =
1
32π2
∑
H+
3i
(gL
H+
3i
t¯b
)2
e
sW cW
[
Ri
Ri − 1 −
Ri logRi
(Ri − 1)2
]
, (6.72)
which is positive definite. Thus when the Higgs potential is invariant under SU(2)c,
the corrections always decrease Rb.
As in the 2HDM, the Rb measurement can be used to set a lower bound on the
mass of the SU(2)c triplet H3, which varies with tan θH . This bound is independent
of the isospin of the exotic SU(2)L× SU(2)R multiplet X (or χ in the triplet G–M
model). In fig. 11 we plot the bound on MH3 as a function of tan θH .
For H3 lighter than about 1 TeV, the Rb measurement implies that tan θH < 2.
In the triplet G–M model, this corresponds to an upper limit on the triplet vev
of vχ/vφ < 0.7. As in the Type I 2HDM, the charged Higgs boson contribution
to b → sγ is small compared to the contribution in the Type II 2HDM [44], and
the b → sγ measurement does not provide additional bounds on the parameter
space. In contrast, for the parameter regions considered above, the correction to
Ab is negligible (|∆Ab| < 0.002) compared to the experimental uncertainty in the
Ab measurement.
Higgs potential without SU(2)c invariance If the requirement of SU(2)c
symmetry is relaxed, it is no longer meaningful to write the Higgs fields with
SU(2)L × SU(2)R matrices. In the triplet model we must define the vevs of the
two SU(2)L triplets separately, 〈χ0〉 = vχ, and 〈ξ0〉 = vξ. Then SU(2)c symmetry
corresponds to vχ = vξ. The triplet model can still satisfy ρ = 1 if the Higgs
potential is fine-tuned so that vχ = vξ. In this situation the two physical charged
Higgs bosons H+3 and H
+
5 can mix with each other. If we parameterize this mixing
with an angle α, the new mass eigenstates are
H+1 = sinαH
+
3 + cosαH
+
5 ,
H+2 = cosαH
+
3 − sinαH+5 . (6.73)
The charged Higgs couplings to the Z and quark pairs are
gL
H+
1
t¯b
=
gmt√
2MW
tan θH sinα ,
gL
H+
2
t¯b
= =
gmt√
2MW
tan θH cosα ,
gZG+H−
1
=
−e
sW cW
1
2
sH cosα ,
gZG+H−
2
=
e
sW cW
1
2
sH sinα ,
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Fig. 11. Bounds from Rb for the G–M model with Higgs triplets and SU(2)c symmetry.
The area above the solid line is ruled out at 95% confidence level by Rb. Also shown (top
to bottom) are the 99.9% and 99% confidence level contours (dashed). The dot-dashed
line corresponds to the LEP lower limit for the H+ mass, MH+ > 77.3 GeV [37].
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gZH+
1
H−
1
=
−e
sW cW
(
1
2
− s2W − cH sinα cosα) ,
gZH+
1
H−
2
=
−e
sW cW
1
2
cH(sin
2 α− cos2 α) ,
gZH+
2
H−
2
=
−e
sW cW
(
1
2
− s2W + cH sinα cosα) . (6.74)
Both of the singly charged Higgs bosons couple to quarks instead of just one.
There are now off–diagonal ZH+i H
−
j couplings with i 6= j and non–SM–like terms
in the diagonal couplings which contribute to δgL. We find:
δgLH+ = δg
L
G+(SM)
+
1
32π2
e
sW cW
(
gmt√
2MW
)2
tan2 θH
×
{
sin2 α
[
R1
R1 − 1 −
R1 logR1
(R1 − 1)2
]
+ cos2 α
[
R2
R2 − 1 −
R2 logR2
(R2 − 1)2
]}
+
1
16π2
(
e
sW cW
)(
gmt√
2MW
)2
tan2 θH(2cH sinα cosα)
×
{
C24(m
2
t ,M
2
W ,M
2
2 )− C24(m2t ,M2W ,M21 )
+ sin2 α[C24(m
2
t ,M
2
1 ,M
2
1 )− C24(m2t ,M21 ,M22 )]
+ cos2 α[C24(m
2
t ,M
2
1 ,M
2
2 )− C24(m2t ,M22 ,M22 )]
}
, (6.75)
where Ri ≡ m2t/M2i . The first term is the SM correction due to G+. The second
term is positive definite and has the same mass dependence as the charged Higgs
boson correction in the 2HDM. The third term arises from the off-diagonal ZH+H−
couplings and the non–SM parts of the diagonal ZH+H− couplings. This third
term can be positive or negative, depending on the mixing angle α. It is negative
for MH+
2
> MH+
1
when sinα cosα is positive, and grows with increasing splitting
between MH+
1
and MH+
2
and between MW and the charged Higgs masses.
This model is fine-tuned to vχ = vξ to give ρ = 1; when the parameters of the
Higgs potential are renormalized this fine-tuning will be lost. In order to satisfy
the experimental bounds on ∆ρnew [eq. (6.35)], we must have
− 1.7× 10−3 < ∆ρnew =
4(v2ξ − v2χ)
v2φ + 8v
2
χ
< 2.7× 10−3 (6.76)
or −(5.1 GeV)2 < v2ξ − v2χ < (6.4 GeV)2. For the model to be “natural” we require
the parameters to be of the same order as their fine-tuning, or vχ ∼ vξ ∼ 6 GeV.
Then the correction to the SM result in eq. (6.75) is suppressed by a factor of
tan2 θH ∼ 0.005.
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7 Conclusions
Radiative corrections to the process Z → bb¯ arise in extended Higgs sectors due
to the exchange of the additional singly–charged and neutral Higgs bosons. Because
the radiative corrections affect the predictions for Rb and Ab, the measurements of
these quantities can in principle be used to constrain the parameter space of the
models. The radiative corrections to Rb from extended Higgs sectors are typically
of the same order of magnitude as the experimental error in the Rb measurement.
Thus Rb can be used to constrain the models. However, the radiative corrections
to Ab from extended Higgs sectors are much smaller than the experimental error
in the Ab measurement. They are also much smaller than the deviation of the
Ab measurement from the SM prediction. We conclude that if Ab 6= ASMb , the
deviation does not arise from the contributions of an extended Higgs sector.
In this paper we obtained general formulae for the corrections to the Zbb¯ vertex,
and then used the general formulae to calculate the contributions to Rb and Ab in
specific models. Here we summarize our conclusions for the various models.
The contributions from neutral Higgs boson exchange are only significant in a
Type II model with enhanced λb. The regions of parameter space in which the
contribution to Rb from neutral Higgs boson exchange can be positive is nearly
ruled out by direct Higgs boson searches. Otherwise, the contribution to Rb is
negative, giving a worse agreement with experiment than the SM. A pair of neutral
Higgs states, H0 and A0, with a significant ZH0A0 coupling and a large mass
splitting, gives a large negative contribution to Rb. The Rb measurement can then
be used to exclude these regions of parameter space.
The contributions to Rb from charged Higgs boson exchange are negative in
models which contain only doublets and singlets, and in any model whose Higgs
sector preserves SU(2)c symmetry. If the contributions from neutral Higgs boson
exchange in these models are not significant (e.g., if λb is small), then Rb sets a
lower bound on the masses of the charged Higgs states. The lower bound depends
on λt and the charged Higgs mixing angles.
The contribution to Rb from charged Higgs boson exchange can only be positive
if the model contains one of two features. It must either contain off–diagonal
ZH+i H
−
j couplings in which both of the charged Higgs bosons couple to quarks and
have different masses, or it must contain diagonal ZH+i H
−
i couplings which differ
from the couplings in doublet models, or both. This can only happen in models
which contain Higgs multiplets larger than doublets and are not constrained by
SU(2)c symmetry. In such a model, the vevs of the multiplets larger than doublets
must be very small in order for the model to be consistent with the measured
value of the ρ parameter. With this constraint, the contribution to Rb can only be
positive when the model contains more than one doublet and there is significant
mixing between the doublets and the larger multiplets.
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The precision of the Rb and Ab measurements is not likely to improve sig-
nificantly in the near future. Most of the LEP and SLC Z pole data has been
analyzed, and no further running of these machines at
√
s = MZ is anticipated.
Thus, future constraints on extended Higgs sectors must come from other sources.
New virtual constraints on extended Higgs sectors will come from measurements
of b quark decays at the high-luminosity B-factories which will soon be sensitive
to a variety of rare B decay modes. For example, the processes b → sℓ+ℓ− and
b→ sγ are sensitive to the virtual charged-Higgs exchange (the latter process has
already been used to constrain the extended Higgs parameter space). In addition,
the process b→ sτ+τ− receives a contribution from a neutral Higgs boson coupled
to the τ+τ− pair, whereas b→ cτν receives a contribution from tree–level charged
Higgs boson exchange [45,46,47]. High statistics samples of these decay modes will
yield interesting new constraints on the structure of the extended Higgs sector.
Ultimately, one will need to directly probe the extended Higgs sector by ex-
plicitly producing the scalar states (beyond h0 which may resemble the SM Higgs
boson) at future colliders. If some signal is seen, it will be a demanding task to
interpret the signal and deduce the structure of the underlying scalar sector. The
constraints on the Higgs sector parameter space from Rb and other rare B decay
modes can play an important role in helping to unravel the physics of the Higgs
sector and probe the origin of electroweak symmetry breaking.
A Contribution to the ρ parameter in the 2HDM
In this appendix we give the one–loop contribution of the Higgs bosons in the
2HDM to the ρ parameter, from ref. [48]:5
∆ρ =
α
16πM2W s
2
W

F (M2H±,M2A0) + sin2(β − α)
[
F (M2H±,M
2
H0)− F (M2A0 ,M2H0)
]
+cos2(β − α)
[
F (M2H± ,M
2
h0)− F (M2A0,M2h0) + F (M2W ,M2H0)
−F (M2W ,M2h0)− F (M2Z ,M2H0) + F (M2Z ,M2h0)
+4M2Z
[
B0(0;M
2
Z ,M
2
H0)− B0(0;M2Z ,M2h0)
]
−4M2W
[
B0(0;M
2
W ,M
2
H0)− B0(0;M2W ,M2h0)
]]
 (A.1)
5A typographical error in the formula for ∆ρ in ref. [48] is corrected in eq. (A.1).
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where sW ≡ sin θW , and
B0(0;m
2
1, m
2
2) =
A0(m
2
1)− A0(m22)
m21 −m22
(A.2)
A0(m
2) ≡ m2[∆ + 1− log(m2/µ2)] (A.3)
F (m21, m
2
2) ≡ 12(m21 +m22)−
m21m
2
2
m21 −m22
log
(
m21
m22
)
. (A.4)
We have defined ∆ρ relative to the SM where the SM Higgs mass is taken equal to
Mh0. With this definition, ∆ρ is a finite quantity and is independent of the scale,
µ, and the divergence, ∆ ≡ 1/ǫ− γ + log(4π), of dimensional regularization.
B Constraints from direct Higgs searches
In this appendix, we briefly summarize the constraints on extended Higgs sec-
tors resulting from the direct Higgs searches at LEP.
B.1 Charged Higgs searches
At LEP, charged Higgs bosons are produced via e+e− → γ∗, Z∗ → H+H−.
The LEP analysis then assumes that BR(H+ → cs¯) + BR(H+ → τ+ντ ) ≃ 1. The
resulting limit obtained in ref. [37] is MH+ > 77.3 GeV. This mass limit would
be relaxed if other charged Higgs decay modes are significant. In extended Higgs
models with two or more singly–charged Higgs bosons, we shall apply the LEP
bound only to the lightest charged Higgs state.
The LEP bound also depends on the production cross section of the charged
Higgs boson pair. In the analysis of ref. [37] it is assumed that the ZH+H−
coupling is that of the 2HDM:
gZH+H− = − e
sW cW
(
1
2
− s2W
)
. (B.1)
This coupling, and hence the resulting H+H− production cross section, is the same
as the one that arises in models containing multiple doublets and singlets, and in
the G–M models for H±3 . The LEP charged Higgs mass bound is used for these
models in figs. 5, 9 and 11. However, eq. (B.1) is not the same as the ZH+H−
coupling that occurs in models containing doublets and triplets without SU(2)c
symmetry. In models with one or two doublets and one real, Y = 0 triplet, the
ZH+H− coupling is larger than in the 2HDM, and hence the production cross
section is larger. Therefore in these models, the charged Higgs mass bound from
ref. [37] is a conservative bound. This bound is used in fig. 9 for the model with
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two doublets and one Y = 0 triplet. In models with one or two doublets and
one complex, Y = 2 triplet, the coupling is smaller than in the 2HDM. Hence
the charged Higgs boson production cross section is smaller, and the LEP charged
Higgs mass bound is no longer valid. This is the case in fig. 10, for the model with
two doublets and one Y = 2 triplet.
B.2 Neutral Higgs searches in the 2HDM
The search for neutral Higgs bosons at LEP focuses primarily on the SM Higgs
boson and Higgs bosons of the Minimal Supersymmetric Model (MSSM). The SM
Higgs boson is produced via e+e− → Z∗ → Zh0. In the MSSM, in addition to Zh0
production, one can produce a CP-even Higgs boson in association with a CP-odd
Higgs boson via e+e− → Z∗ → h0A0. The MSSM Higgs sector is a 2HDM with
particular relations among Higgs sector parameters. Thus, the MSSM Higgs mass
bounds do not immediately apply to the general 2HDM.
From the combined LEP data taken at
√
s = 189 GeV, the lower limit on the
SM Higgs mass obtained in ref. [37] is Mh0
SM
> 95.2 GeV. This bound depends
primarily on the cross-section for e+e− → Z∗ → Zh0 (under the assumption that
the decay branching fractions of the h0 follow roughly the pattern expected in the
SM). In the 2HDM, the ZZh0 coupling is reduced from its SM value by a factor
of sin(β − α), resulting in
σ(e+e− → Zh0) = σSM(e+e− → Zh0) sin2(β − α) . (B.2)
The LEP bound on Mh0 in the SM is determined by the mass value at which
σSM(e
+e− → Zh0) crosses the measured upper bound of σ(e+e− → Zh0). Using
eq. (B.2), this can then be translated into a bound on sin2(β − α) as a function of
Mh0. The resulting bound can be found in fig. 4 of ref. [37]. For sin
2(β − α) = 1,
the bound on Mh0 is the same as in the SM, Mh0 > 95.2 GeV. This bound is used
in fig. 8. For sin2(β − α) = 1/2, the bound on Mh0 is Mh0 >∼ 90 GeV.6
In the above discussion, only the Zh0 mode was considered. For a complete
determination of the 2HDM parameter constraints, it is necessary to include the
LEP limits on h0A0 (and H0A0) associated production via virtual s-channel Z-
exchange. The Zh0A0 [ZH0A0] coupling is proportional to cos(β−α) [sin(β−α)],
so for fixed sin(β − α) one can deduce a region in the MA0 vs. Mh0 plane that is
excluded by LEP data. Unfortunately, the LEP neutral Higgs boson search data
are typically presented in the context of the MSSM, where Higgs sector parameters
are correlated.7 For example, at large tanβ and values of MA0 <∼ MZ , one finds
6In fig. 6, a bound of Mh0 > 87 GeV is used, corresponding to our best estimate based on
LEP data prior to the availability of fig. 4 of ref. [37].
7A more general 2HDM analysis has recently been presented by the OPAL Collaboration [49].
The results of this work came too late to be included in the analysis of this paper, although we
expect only minor changes to our results.
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that Mh0 ≈ MA0 and cos(β − α) ≃ 1. This implies that in this region of MSSM
parameter space, the LEP search is sensitive only to h0A0 production.
To extract general 2HDM constraints, we proceed as follows. From the LEP
search for e+e− → h0A0, the LEP MSSM analysis [37] yields Mh0 > 80.7 GeV and
MA0 > 80.9 GeV. These lower bounds correspond roughly to pure h
0A0 production
at large tan β. We can convert this into an upper limit for the h0A0 cross-section
for Higgs mass values at the respective lower bounds. To get results that apply
more generally to the 2HDM (where Mh0 , MA0 and cos(β−α) are not correlated),
we make the simplifying assumption that the Higgs boson detection efficiency and
background is fairly flat as a function of the Higgs masses. We can then vary Mh0
and cos2(β − α) and find a lower bound on MA0 .8 The resulting “direct search”
bounds have been implemented in figs. 6 and 7. Further details of this analysis
can be found in ref. [24].
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